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Abstract: The purpose of this work is to determine the influence of the low beam intensity of motor
vehicle headlights on detection conditions in urban traffic. For this purpose, studies with fourteen
subjects are conducted on three differently illuminated test roads, in which the low beam intensity is
dimmed from off to fully on. At each dimming level, the subjects indicate whether or not they have
detected the object, which is realized by a flat target and occurs at sixteen different positions in front
of the vehicle. In addition, considerations of the contrast curve and the visibility level are made in
order to determine the influence of switched off and fully switched on headlights. The results show
that the negative contrast created by the existing street lighting creates detection conditions at least as
good as full low beam intensity in almost all cases. The results further indicate that the influence of
the low beam intensity increases with decreasing distance to the object and decreasing illumination
levels. The results of this work show that an increase in low beam intensity initially leads to poorer
detection conditions; thus, the option of reducing low beam intensity should be considered in urban
traffic space.

Keywords: urban traffic space; night-time driving; contrast perception; object detection; adaptive
headlights; automotive lighting; street lighting systems; dimmable low beam

1. Introduction

The visual system is an essential source of information for vehicle drivers in road
traffic [1,2]. In order to ensure adequate visibility conditions for vehicle drivers under
different lighting conditions (day and night), various lighting systems are used. On the one
hand, street lighting systems are used in urban areas, which provide a lighting situation at
night for all road users involved (motorists, pedestrians, cyclists). On the other hand, motor
vehicle headlights are used to provide drivers with a suitable lighting situation, enabling
the detection of obstacles and early reaction during driving [3].

The detection of obstacles requires a certain threshold luminance difference between
the object and its environment, which depends on various factors. For example, adaptation
luminance, object size, presentation time, observer age, and contrast polarity play a crucial
role in object detection [1,4–13].

Several studies and analyses of traffic accident statistics show that increased adaptation
luminance reduces the required contrast by increasing brightness, thereby reducing the
risk of nighttime traffic accidents [14–25]. For example, analyses by Scott [26] show that in
the range of roadway luminance from 0.5 to 2.0 cd m−2 there is a direct correlation between
roadway luminance and the night/day crash ratio; moreover, an increase in roadway
luminance of 1.0 cd m−2 results in a reduction in this ratio of approximately 35 %. Similar
results regarding the reduction of the required contrast at higher roadway or adaptation
luminances can be found in studies by Damasky [13] or Blackwell [27].

Studies on the influence of object size by Aulhorn [11], Blackwell [27], and
Uttley et al. [28], as well as Schmidt-Clausen [29] on the required threshold luminance
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difference, show that larger objects reduce the threshold luminance difference. However, it
is important to distinguish between Ricco’s range, where object size has an effect, and We-
ber’s range, where the effect of object size is negligible [30,31].

Studies by Aulhorn [12], Blackwell and Blackwell [32], Schneider [33], and Weale [34]
have demonstrated the influence of age on the detection of objects in nighttime traffic.
Blackwell and Blackwell conducted a study with 235 observers of different ages. Analyzing
the results for 234 of the 235 observers, they found that the visibility multiplier increases
with age. Their study was performed with 4-minute Landolt rings at a background lu-
minance of 100 cd m−2. Observers were asked to indicate recognition by a forced-choice
procedure. It is noteworthy that the slope of the multiplier increased significantly from the
age of 64 [32].

Contrast polarity affects the threshold luminance difference required for object detec-
tion as well [11,13,35]. Studies by Aulhorn [11] and Damasky [13] show that the threshold
luminance difference for positive and negative contrast is of the same order of magnitude,
and is smaller for negative contrast than for positive contrast.

These influence parameters have been incorporated into detection models by various
researchers and research groups in order to make statements about the detectability of
objects [30,36–38]. One of the most commonly used models is Adrian’s Small Target
Visibility Model [30]. The threshold luminance difference ∆Lth is calculated according to
the following formula:

∆Lth = k ·
(√

Φ
α

+
√

L
)2

· a(α, LB) + t
t

· FCP · AF (1)

where

• ∆Lth: Threshold luminance difference
• k: Detection probability factor

•
(√

Φ
α

+
√

L
)2

: Luminous flux and luminance function according to Ricco’s and

Weber’s laws
• α: Object size in angular minutes
• a(α, LB): Blondel-Rey constant
• t: Observation time in seconds
• FCP: Contrast polarity factor
• AF: Age factor

This threshold luminance difference applies to a certain probability under laboratory
conditions. To transfer this to the complexity of a real traffic situation, the Visibility Level
(VL) is used as a multiplier. The VL is determined as the ratio of the currently prevailing
luminance difference between the object and its background and the calculated threshold
luminance difference.

In the European area, the European standard EN 13201 is used for the planning of street
lighting systems, and defines the adaptation level in individual streets by specifying street
lighting classes (M1 to M6), roadway luminance levels, and illuminance levels [39–43].

The design of motor vehicle headlights and their light distributions are regulated by
international standards. It should be noted that the design of motor vehicle headlights
is independent of the ambient lighting conditions. This means that when designing a
low beam headlight, no distinction is made between driving on an unlit country road or
highway or on an urban street illuminated by street lighting. Similarly, the design of street
lighting systems does not consider the additional light provided by automotive headlights,
highlighting the problem of lack of communication between automotive lighting technology
and street lighting technology [39–45].

Especially in urban areas, the interaction of different street lighting systems and differ-
ent vehicle headlight distributions creates a wide variety of lighting situations that influence
detection behavior, thereby directly affecting the safety of urban road traffic at night [46–50].
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In illuminated streets, there is a transition from negative contrast to positive contrast,
as the detection object appears darker than its background due to the luminous intensity
of the street lighting coming from above. This negative contrast disappears and changes
into a positive contrast due to the frontal light of the vehicle headlights. The effect of this
transition on detection conditions has been investigated in various studies [13,25,35,51–61].

Bacelar et al. [51,52] performed a study on the interaction of street lighting and au-
tomotive lighting regarding the visibility of flat detection targets. For this purpose, they
positioned a flat target at a distance of 40 m in front of the vehicle on an illuminated road
and determined the Visibility Level for the scenarios street lighting alone, automotive
lighting alone and combination of street and automotive lighting. The results show that
street lighting alone provides sufficient visibility and the addition of automotive lighting
does not improve visibility. Thus, it can be concluded that street lights or low beams used
alone provide better visibility than when they are used together [51]. In another study,
Bacelar et al. found a correlation between the calculated Visibility Level and the subjects’
assessment of object detectability. This showed that detection objects on the roadway can
be detected at a Visibility Level of 7 or higher [52].

Bullough showed that the influence of vehicle headlights depends on the illumination
level of the stationary roadway lighting by determining the visibility of objects at the
right edge of an illuminated roadway at 60 and 120 feet in front of the test vehicle. Thus,
the influence of vehicle illumination is reduced as the illumination level on the road
increases [53].

Buyukkinaci et al. conducted a study to determine the required Visibility Level for
the detection of 0.2 × 0.2 m objects with different reflectance levels (0.20, 0.30, 0.40, 0.50).
For this purpose, images of an illuminated street with different illumination classes (M2,
M3, M4, M5) and color temperatures (4000 K and 6000 K) were presented to 30 test subjects.
The results of the study showed that a Visibility Level in the range of 7.0 to 8.5 is required
in order for objects to be detected with 100 % probability. Furthermore, no influence of the
light spectrum on the detection was found [54].

Bhagavathula et al. studied the effect of vehicle illumination on the detectability of
objects at different distances on illuminated roads. They found that there is a change in
contrast polarity (positive to negative contrast and vice versa) depending on the distance
in front of the vehicle. In addition, objects with negative contrast were detected at greater
distances than objects with positive contrast. Furthermore, the relationship between pedes-
trian contrast and visibility was complex, as pedestrians showed both positive and negative
contrast [35,55].

In laboratory and field studies, Damasky showed that due to the high scenario com-
plexity in the urban area, higher contrasts are needed for the detection of objects. Further-
more, he found negative contrast results in contrast sensitivities that were up to 30% higher
than those using positive contrast [13].

Studies by Akashi et al. [56] and Ekrias et al. [57] showed that the detection distance
increases with increasing street lighting intensity. In addition, they concluded from their
studies that the effect of the low beam on the detection conditions is high at short distances
and decreases with increasing distance until no effect in nighttime urban traffic can be
observed from a distance of about 80 m [56,57].

Vogel et al. performed photometric studies in which they calculated the Visibility
Level under different light distribution ranges for different illumination classes from M3 to
M6. They found that the required light distribution range depends on both the illumination
class and the reflectance of the detection targets [61].

In considering subjective safety parameters, Wagner et al. found that, for a safe driving
experience and detection of objects on illuminated roads, a dimmed version of the low
beam can be used rather than the full intensity of the low beam, thereby reducing the
energy demand of this function [58–60].

The studies conducted thus far show that the detection conditions in urban nighttime
traffic environments depend on both street lighting and vehicle illumination. The respective
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effect depends mainly on the distance between the object and the vehicle. According to
Bozorg et al. [62–64], vehicle illumination is mainly responsible for detection conditions
at close range, while street lighting dominates at long range. In the intermediate range,
however, both lighting systems have an influence on the prevailing detection conditions.
In contrast to the majority of the considered studies, Bozorg et al. suggest designing
intelligent street lighting systems and increasing their intensity. According to Bozorg et al.,
taking into account previously known results on the negative mutual influence of motor
vehicle and street lighting [35,51,52,55,57], street lighting should be reduced in the presence
of motor vehicle lighting in order to achieve the necessary detection conditions on the one
hand and to strive for energy-efficient use on the other [62–64].

The following research questions arise from the previous research, and are answered
in this paper:

(1) What is the influence of different road illumination levels and luminous intensities of
motor vehicle headlights on the detection of objects at different distances and angular
positions in front of the vehicle?

(2) What influence does the intensity of the low beam have on the contrast polarity and
value of flat detection targets on illuminated roads with different illumination levels?

(3) Is there an optimized urban light distribution for motor vehicle headlights, and if so
what should it look like?

These research questions and the answers to them serve to create an understanding of
the interaction between stationary street lighting and vehicle lighting. This understanding
can then be used to derive requirements for future dynamically adaptive vehicle headlight
distributions in order to provide drivers with the best possible detection conditions in
night-time urban traffic.

Because previous studies discussed the foregoing literature review have shown that
the light spectrum has no significant effect on object detection in nighttime road traffic,
the present paper does not include the light spectrum as an independent study variable.
As such, our investigation is limited exclusively to detection conditions varied by lumi-
nance relations.

2. Materials and Methods

The following section describes the study concept and analytical methododology of
the investigation.

2.1. Test Roads

The study was conducted on three test roads located in Darmstadt, Germany, images
of which are shown in Figure 1. The test roads have LED street lighting systems of different
lighting classes from M4 to M6 according to EN 13201-2 [40].

The pictures of the test roads shown in Figure 1 serve as an overview of the test roads
and the test setup. Photometric analysis of the test roads was performed using luminance
images, which are shown schematically in Figure 2. The average roadway luminance Lm
varies from 0.91 cd m−2 for test road 1 to 0.53 cd m−2 for test road 2 and 0.38 cd m−2 for
test road 3; see Figure 2. From the luminance images, the differences in the homogeneity of
the street lighting are evident, as are the different roadway brightnesses. The luminance
recordings were carried out with a luminance camera (TechnoTeam LMK 5 color) attached
to the rearview mirror of the test vehicle in order to realize the measurement from the
driver’s point of view.

Further parameters, such as the overall uniformity U0 and longitudinal uniformity U1,
can be found in Table 1.
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Figure 1. Test roads on which the study was conducted: (top left) test road 1 (M4 class); (top right)
test road 2 (M5 class); (bottom) test Road 3 (M6 class).

Figure 2. Luminance images of the test roads on which the study was conducted: (top left) test
road 1 (0.91 cd m−2, M4 class); (top right) test road 2 (0.53 cd m−2, M5 class); (bottom) test Road 3
(0.38 cd m−2, M6 class). From the luminance images, the homogeneity differences are obvious.

Table 1. Characteristics of the test roads.

Test Road Lm in cd m −2 U0 U1 Class

1 0.91 0.35 0.66 M4
2 0.53 0.30 0.42 M5
3 0.38 0.32 0.40 M6

From Table 1, it can be seen that the requirements for overall uniformity U0 are not
met by the three test roads. Nevertheless, these test roads were used for the investigation
because the aim of this work is to consider the low beam influence on object detection at
different street illumination levels.
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2.2. Test Vehicle

A BMW 3 Series was used as the test vehicle for the study. The test vehicle was
equipped with standard LED headlights that generate both a low beam and high beam
function with LEDs. The headlights of this test vehicle were electronically modified so
that they could be varied in intensity via 8-bit PWM coding. Thus, the intensity of the
automotive low beam could be varied from switched off to completely switched on. Figure 3
shows the results from goniophotometer measurements of the low beam distribution at
different PWM levels. Here, φh describes the horizontal angle of the light distribution, φv is
the vertical angle of the light distribution, and I denotes the luminous intensity.
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Figure 3. Dimmed low beam distributions of the BMW 3 Series LED headlight used in the tests; PWM
dimming changes the absolute intensity of the low beam distribution, while the light distribution
itself remains unaffected by the dimming.

2.3. Test Procedure

The study was conducted with a total of 14 subjects (2 female, 12 male) who were
in an age range of 25–34 years. As all test persons had to present a valid driving licence
and wear a visual aid if this is noted on the driving licence, a test of visual acuity was not
carried out at this point. The visual acuity test is an integral part of obtaining a driving
licence in Germany, and is recognised as passed with a visual acuity of at least 0.7.

The test subjects arrived at the respective test roads and were allowed time to adapt to
the currently prevailing lighting conditions during the study briefing and answering of
the personality questionnaire, resulting in an adaptation time of at least 15 minutes before
the actual study began. The detection objects, which were 0.2 × 0.2 m2 flat targets with a
reflectance of about 4 % (exact value 3.956 %), were placed on a measurement grid which
had four objects per row at distances of 30 m, 45 m, 55 m, and 65 m. A low reflectance
was chosen because according to studies by Randrup Hansen and Schandel Larsen [65]
or Schneider [66], the clothing of pedestrians has low reflectance values of less than 10 %,
especially in the winter. The reflectance of the flat targets was determined by comparative
measurements with a reflectance standard. Furthermore, two different vehicle positions
were considered. In the first, the vehicle is placed directly under a street light system, while
in the second, the vehicle is moved 10 m in the direction of the measurement grid, creating
a second situation for the detection of objects with distances of 20 m, 35 m, 45 m, and 55 m.
The applied measurement grids are shown in Figure 4.
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Figure 4. Test setup for the detection investigations: (left) measurement grid with four flat targets
each at distances of 30 m, 45 m, 55 m, and 65 m; (right) measurement grid with four flat targets each
at distances of 20 m, 35 m, 45 m, and 55 m. The numbers on the flat targets indicate the internal
position identifier.

The flat targets were horizontally separated from each other by 1.5 m. Those with posi-
tion identifiers 3, 7, 11, and 15 were located on the longitudinal axis of the vehicle’s centerline.

The test subjects were asked to sit in the driver’s seat and focus on a fixation object
consisting of a second vehicle behind the last row of objects (cf. Figure 2). The test objects
were presented in randomized order, and for each test object position the intensity of the
low beam function of the headlights was increased step by step. For each preset intensity
of the low beam function, the test subjects signalled the detection or non-detection of the
test object by a yes/no response. Subsequently, the next test object was presented and
the procedure was repeated. When all sixteen test object positions had been presented at
one vehicle position, the procedure continued with the second vehicle position. The start
position of the test vehicle was randomized for each subject.

2.4. Measurements

For the evaluation of the study results, luminance images of all test positions in
combination with the two vehicle positions were captured using a luminance camera
(TechnoTeam LMK 5 color) and then analyzed. Subsequently, the Weber contrasts CW [67]
(cf. Equation (3)) between object and background were calculated in order to determine
the contrast curve depending on the intensity of the low beam function. For this purpose,
the average value of the four bordering ambient fields was considered as the background
luminance. The luminance values were then used to calculate the Visibility Levels for the
test objects.

Evaluation of the subjects’ responses was carried out in three ways. First, an attempt
was made to fit a psychometric function according to Linschoten et al. to the subjects’
responses [68]:

P(x) = γ + (1− γ) · 1

1 +
(

x
α

)−β
(2)

where

• α: stimulus of the halfway point
• β: steepness of the function
• γ: probability of a positive response by chance; here, γ = 0.

This evaluation methodology provides the advantage that different detection prob-
abilities can be considered even though these probabilities may not be achieved by the
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headlight system used. An example of data evaluation using the psychometric function
according to Linschoten et al. [68] is shown in Figure 5. Here, a psychometric function
is fitted to the data with positive as well as with negative contrast; additionally the 90 %
threshold is plotted, and indicates secure detection.

Figure 5. Example of data evaluation using the psychometric function acoording to Linschoten [68].

If evaluation with the psychometric function was not possible due to the data situation,
an evaluation based on the data was performed. In this case, a detection probability of 90 %
was assumed as a secure detection, and the setting at which this probability is permanently
exceeded was considered to be the threshold. In a few cases, a data-driven evaluation was
not possible either, because the detection probability of 90 % was not achieved.

3. Results

This section describes the objective and subjective results of the study.

3.1. Photometric Results

First, the luminances and the corresponding Weber contrasts CW are considered, which
can be calculated according to Equation (3), where LO represents the object luminance and
LB the background luminance [67].

CW =
LO − LB

LB
(3)

Using these data, the influence of the low beam intensity on the present contrast can
be described in terms of polarity (positive or negative contrast) and value. The contrast
curves obtained for the three test roads and vehicle position 1 are shown in Figures 6–8.
The contrast curves for vehicle position 2 are not shown here due to analogous results.

From Figures 6–8, it is clear that the low beam intensity has a considerable influence
on the value and polarity of the Weber contrast. At all object positions, there is initially
a negative contrast between the object and its background created by the existing street
lighting. If the low beam intensity is increased, a transition point from the negative contrast
to the positive contrast is reached in the majority of the object positions considered on the
three test roads, in which the negative contrast generated by the street lighting and the
positive contrast generated by the vehicle low beam neutralize each other and no more
contrast can be perceived between the object and its background. In this case, the detection
object is no longer visible, and disappears for the driver. It is noticeable that the intensity of
the low beam has to be increased to different extents depending on the distance and the
object position in order to reach this transition point.
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Figure 6. Contrast curves on test road 1 (0.91 cd m−2) and vehicle position 1 depending on the
intensity percentage from 0 % (low beam off) to 100 % (low beam fully switched on).
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Figure 7. Contrast curves on test road 2 (0.53 cd m−2) and vehicle position 1 depending on the
intensity percentage from 0 % (low beam off) to 100 % (low beam fully switched on).
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Figure 8. Contrast curves on test road 3 (0.38 cd m−2) and vehicle position 1 depending on the
intensity percentage from 0 % (low beam off) to 100 % (low beam fully switched on).

A further increase in the low beam intensity leads to the positive contrast gaining
the upper hand on most object positions, which can make the object visible again. Again,
a closer look reveals that the required increase in intensity of the low beam depends on
the distance and the object position. In addition to the transition point between negative
and positive contrast, the positive contrast that is exactly as large in absolute value as the
initial negative contrast represents an important threshold, as between these two points
the additional low beam light merely leads to a reduction in the contrast in absolute value,
which worsens the visibility conditions. This condition becomes particularly critical on test
road 1 with an average roadway luminance of 0.91 cd m−2, as here this second threshold for
object positions 5 to 16 cannot be reached at all with the existing headlight system. On test
roads 2 (0.53 cd m−2) and 3 (0.38 cd m−2), the same applies to the objects at a distance of
65 m. In these cases, the low beam function merely causes a downgrading of the visibility
conditions, and achieves the opposite of its actual function of improving visibility. This
transition from negative to positive contrast is illustrated by the luminance images in
Figure 9.

Figure 9. Illustration of the transition from negative contrast to positive contrast; the two objects in
the middle are clearly visible with the negative contrast (left), while an increase in the low beam
intensity leads to a neutralization of the contrast and makes the objects disappear (center) and
a further increase in the low beam intensity makes the objects visible again (right).
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In the next step, the Visibility Levels are calculated for the individual object positions
in the various constellations (test road and vehicle position). Based on the contrast curves
from Figures 6–8, this evaluation step is limited to the two boundary values, namely, low
beam off and low beam fully switched on. The calculated Visibility Levels for test road 1 are
shown in Table 2 (vehicle position 1) and Table 3 (vehicle position 2). Here, the information
in the first row represents the distance in front of the vehicle and the information in the first
column represents the position on the roadway, with 0.0 m representing the object positions
on the longitudinal axis of the vehicle’s centerline. A negative prefix means that the object
was positioned to the left of this longitudinal axis and a positive prefix means that the object
was positioned to the right of the longitudinal axis. It should be noted that the absolute
value of the luminance difference is used to calculate the Visibility Level, which means that
the Visibility Level is always positive regardless of the contrast polarity.

Table 2. Calculated Visibility Levels for test road 1, vehicle position 1.

Low Beam off

30 m 45 m 55 m 65 m

−3.0 m 33.70 24.91 17.23 13.44
−1.5 m 33.33 22.27 14.82 12.51

0.0 m 35.18 24.03 14.01 10.96
1.5 m 40.21 28.21 24.07 17.12

Low Beam fully switched on

30 m 45 m 55 m 65 m

−3.0 m 31.87 4.00 4.03 2.92
−1.5 m 88.68 10.34 0.06 4.78

0.0 m 81.46 6.12 2.85 0.91
1.5 m 33.19 4.09 12.06 9.56

Table 3. Calculated Visibility Levels for test road 1, vehicle position 2.

Low Beam off

20 m 35 m 45 m 55 m

−3.0 m 40.16 33.11 23.38 17.99
−1.5 m 39.45 28.68 20.92 15.63

0.0 m 42.21 31.14 21.17 15.88
1.5 m 48.19 33.76 31.38 21.35

Low Beam fully switched on

20 m 35 m 45 m 55 m

−3.0 m 31.35 16.58 6.66 5.03
−1.5 m 149.04 34.15 17.31 4.95

0.0 m 169.81 38.78 25.40 9.17
1.5 m 54.34 20.08 2.54 0.57
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As shown in Tables 2 and 3, when the low beam is off, the existing street lighting
produces a higher Visibility Level at all object positions for both vehicle positions than
the Visibility Level of 7 for object detection determined in previous studies [52,54]. The
Visibility Level for vehicle position 1 ranges from 10.96 to 40.21, and for vehicle position
2 from 15.63 to 48.19. If the Visibility Level is now considered with the low beam fully
switched on, it is noticeable that the maximum Visibility Level increases significantly.
The maximum Visibility Level for vehicle position 1 is 88.68 and for vehicle position 2 it is
169.81. This means that the low beam at these positions is excessive for detecting the objects,
as it is larger by a factor of about 12 to 24 compared to the Visibility Level of 7 determined
in previous studies [52,54].

On the other hand, the minimum Visibility Level with fully switched on low beam is
so low, with 0.06 for vehicle position 1 and 0.57 for vehicle position 2, that the luminance
difference between object and background is lower than the threshold luminance difference
according to Adrian’s Small Target Visibility Model [30]; thus, detection of these objects is
definitely no longer possible. In addition, the Visibility Level on 9 of 16 positions for vehicle
position 1 and on 5 of 16 positions for vehicle position 2 is below the Visibility Level of
7 determined in previous studies [52,54], which indicates more severe detection conditions.

Looking at Tables 4 and 5, which contain the determined Visibility Levels for test road
2, it can be seen that with the low beam switched off all object positions have Visibility
Levels of more than 7 for both vehicle position 1 and vehicle position 2; thus, the visibility
conditions caused by the street lighting alone should be sufficient for detecting the objects.
Furthermore, it can be seen that the effectiveness of the fully switched on low beam
is significantly improved for test road 2, with a lower illumination level of 0.53 cd m−2

compared to test road 1 (0.91 cd m−2). Thus, for both vehicle positions, there is no object
position where the Visibility Level is less than 1. This means that the threshold luminance
difference from Adrian’s Small Target Visibility Model is achieved with fully activated
low beam for all object positions. Compared to test road 1, the number of critical object
positions with Visibility Levels less than 7 decreases from 9 to 3 out of 16 positions for
vehicle position 1 and from 5 to 0 for vehicle position 2.

Table 4. Calculated Visibility Levels for test road 2, vehicle position 1.

Low Beam off

30 m 45 m 55 m 65 m

−3.0 m 25.35 14.62 11.28 8.76
−1.5 m 27.75 16.47 10.31 7.23

0.0 m 30.14 16.42 10.75 8.21
1.5 m 21.80 21.03 16.73 16.00

Low Beam fully switched on

30 m 45 m 55 m 65 m

−3.0 m 53.81 24.97 6.91 8.31
−1.5 m 74.27 23.82 8.96 6.46

0.0 m 116.84 31.59 14.69 10.05
1.5 m 93.59 23.24 12.53 2.84
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Table 5. Calculated Visibility Levels for test road 2, vehicle position 2.

Low Beam off

20 m 35 m 45 m 55 m

−3.0 m 32.83 22.16 21.38 13.34
−1.5 m 34.09 22.48 20.78 11.69

0.0 m 36.98 22.38 18.85 8.87
1.5 m 26.00 30.36 23.09 20.42

Low Beam fully switched on

20 m 35 m 45 m 55 m

−3.0 m 70.15 52.23 18.66 9.82
−1.5 m 152.23 63.35 27.58 16.63

0.0 m 247.55 72.39 39.44 21.67
1.5 m 162.93 50.33 32.80 8.22

The increase in the effectiveness of the low beam becomes even more apparent on
test road 3, which is the darkest test road in the study (see Tables 6 and 7). Here, there is
only one object position for vehicle position 1 and two object positions for vehicle position
2 with a Visibility Level lower than 7. On the other hand, it can be seen again that the
negative contrast generated by the street lighting alone leads to a Visibility Level greater
than 7 at all object positions for both vehicle position 1 and vehicle position 2, which should
enable detection of the objects.

Overall, the evaluation of the visibility level on the three test roads shows the follow-
ing effects. On the one hand, it becomes clear that when the low beam is switched off
the Visibility Level shows less variation across the different object positions, and is greater
than the proposed VL of 7 [52,54] at all considered object positions.

Table 6. Calculated Visibility Levels for test road 3, vehicle position 1.

Low Beam off

30 m 45 m 55 m 65 m

−3.0 m 29.72 19.38 10.90 10.20
−1.5 m 33.23 22.59 11.55 11.00

0.0 m 40.42 27.04 13.55 12.10
1.5 m 41.50 25.45 15.75 13.80

Low Beam fully switched on

30 m 45 m 55 m 65 m

−3.0 m 67.73 25.64 15.31 8.80
−1.5 m 135.30 27.81 18.94 9.21

0.0 m 94.41 28.66 15.18 6.84
1.5 m 74.88 26.01 17.38 10.04
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Table 7. Calculated Visibility Levels for test road 3, vehicle position 2.

Low Beam off

20 m 35 m 45 m 55 m

−3.0 m 35.55 25.72 14.26 13.59
−1.5 m 40.44 28.85 14.88 13.81

0.0 m 48.72 33.94 13.56 17.05
1.5 m 51.41 35.78 18.84 18.91

Low Beam fully switched on

20 m 35 m 45 m 55 m

−3.0 m 56.08 33.68 15.98 8.89
−1.5 m 169.47 38.68 19.74 8.77

0.0 m 151.08 28.92 21.36 4.95
1.5 m 95.21 23.50 19.70 2.58

If the influence of the fully switched on low beam is considered, it can be seen that it
strongly depends on the prevailing street lighting and the distance of the detection object
to the test vehicle. The darker the road illuminated by stationary lighting systems and the
shorter the distance to the detection object, the higher the Visibility Level generated by
the low beam. On the other hand, the positive influence of the low beam diminishes on
better illuminated roads and at greater distances. Thus, the Visibility Level generated by
the street lighting alone (low beam off) establishes more robust detection conditions than
the combination of street lighting and fully switched on low beam.

3.2. Subject Study Results

In the next step, the subject responses are used to consider the actual detection proba-
bilities for the flat targets. For this purpose, the proportions of the detected flat targets in the
sixteen different positions are calculated for the two cases, namely, low beam switched off
and low beam fully switched on. In order to determine the proportion of detected positions,
the first step is to calculate the number out of the fourteen test subjects who detect the object
at each position with the low beam switched off versus with it fully switched on. This
results in a certain detection probability for each object position. For example, a detection
probability of 85.7 % results if 12 out of 14 test subjects detect the object. The number of
object positions with a detection probability greater than the threshold considered can then
be summed up. Threshold detection probabilities p of 90 %, 75 %, and 50 % are used for
this purpose. The threshold of 90 % represents the threshold for secure detection, 75 %
the threshold for acceptable detection, and 50 % the critical threshold which must not be
undercut, as this means that the object is not detected in a majority of cases. The results
of this consideration are shown in Table 8 for vehicle position 1 and in Table 9 for vehicle
position 2.

Table 8 shows directly that with the low beam switched off in vehicle position 1,
the negative contrast generated by the road lighting leads to more detected objects on
all sixteen positions than the fully switched on low beam for all three test roads and all
probabilities considered. This is especially evident for test road 1, with an average roadway
luminance of 0.91 cd m−2. Here, with the low beam fully switched on, only the flat targets
on 6 out of 16 object positions are detected with a probability of over 90%, while with
the low beam switched off the flat targets are already detected on 15 out of 16 object
positions with a probability of over 90%. It is noticeable that with the low beam switched
on, the detection probability for the flat targets is above the critical threshold of 50% on
only 12 out of 16 positions on test road 1. Looking at the darker test roads, it can be seen
that the number of objects detected with the considered probabilities are in a similar range
for both switched off and fully switched on low beam.
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Table 8. Proportion of detected objects on vehicle position 1.

Low Beam off

Test Road p > 90 % p > 75 % p > 50 %

1 15/16 16/16 16/16
2 12/16 15/16 15/16
3 14/16 16/16 16/16

Low Beam fully switched on

Test Road p > 90 % p > 75 % p > 50 %

1 6/16 7/16 12/16
2 10/16 11/16 13/16
3 12/16 14/16 15/16

Table 9. Proportion of detected objects on vehicle position 2.

Low Beam off

Test Road p > 90 % p > 75 % p > 50 %

1 16/16 16/16 16/16
2 13/16 15/16 15/16
3 14/16 16/16 16/16

Low Beam fully switched on

Test Road p > 90 % p > 75 % p > 50 %

1 12/16 13/16 16/16
2 13/16 15/16 15/16
3 15/16 16/16 16/16

Table 9 shows that the results for vehicle position 2 with the low beam switched off
are very similar to those for vehicle position 1. On both test roads 1 and 2, one additional
object position is detected with a probability of over 90 %, meaning that the flat targets are
now securely detected on all sixteen object positions for vehicle position 2 on test road 1,
while on test road 2 this is the case for 13 out of 16 object positions. It is noticeable that
in vehicle position 2 with fully switched on low beam the flat targets can be detected on
more object positions than in vehicle position 1 on all three test roads. The reason for this
observation can be found in the reduced distance to the object positions, as the objects are
illuminated with a higher intensity when the low beam is fully switched on than when the
vehicle is in position 1 due to the photometric distance law.

In addition, it is noticeable that all object positions except for one object position on
test road 2 have a detection probability of at least 75 % with the low beam switched off,
ensuring acceptable detection. The only object position that is not detected here with a
sufficient probability is object position 15, which is located directly in front of the second
vehicle; this represents the fixation object, as can be seen in Figure 10. This makes the
detection conditions more difficult for the test subjects, which is evident from the lower
Visibility Level compared to the other object positions.
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Figure 10. Object position 15 on test road 2; detection conditions are made more difficult by the
position of the flat target directly in front of the fixation object.

Nevertheless, it should be noted that with the low beam switched off the negative
contrast generated by the street lighting alone is at least as good as the fully switched
on low beam for the detection of the flat targets in almost all constellations (with the
exception of vehicle position 2 on test road 3 and 90 % detection probability). In many
cases, the switched off low beam even leads to more detected objects out of the sixteen total
object positions.

4. Discussion

This section revisits and answers the research questions raised at the outset.

(1) What is the influence of different road illumination levels and luminous intensities of
motor vehicle headlights on the detection of objects at different distances and angular
positions in front of the vehicle?

From the results of this study, it is evident that the effectiveness of the low beam
is strongly dependent on the illumination level of the road, which is generated by the
existing street lighting. Thus, it can be seen that on brightly illuminated roads, such as
test road 1, the effectiveness of the fully switched on low beam is rather low compared to
the switched off low beam, as here the existing street lighting already generates a strong
negative contrast and enables the detection of the objects. This can be seen in Tables 8 and 9;
in vehicle position 1 and with low beam switched off, objects can be securely detected in
15 out of 16 positions (detection probability > 90 %), while this is only possible in 6 out of
16 positions when the low beam is fully switched on. If the distance to the measuring grid
is shortened (vehicle position 2), the effectiveness of the low beam increases to such an
extent that objects can now be securely detected in 12 out of 16 positions. The reason for
this is that at shorter distances the low beam is able to produce higher vertical illuminances
on the objects, enhancing the positive contrast. Thus, the results of Akashi et al. [56],
Ekrias et al. [57], and Bozorg et al. [62–64] can be confirmed, that is, the low beam of
vehicle headlights have higher efficiency at shorter distances. In addition to the shorter
distance, a lower illumination level of the road increases the effectiveness of the low beam.
The proportion of securely detectable objects increases from 6 (test road 1, 0.91 cd m−2) to
10 (test road 2, 0.53 cd m−2) to 12 out of 16 positions (test road 3, 0.38 cd m−2) for vehicle
position 1. The same trend results for vehicle position 2. Here, the number increases
from 12 (test road 1) to 13 (test road 2) to 15 (test road 3) out of 16 positions with secure
object detection. This correlation between the illumination level of the road and low beam
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effectiveness has previously been shown by Bullough [53]. Thus, the present study confirms
previous findings in the literature showing that low beam effectiveness decreases as the
level of illumination increases.

If the detection conditions are considered as a function of distance and object angle,
no direct dependency can be determined due to the high variability and complexity of the
lighting scenarios in urban traffic areas. Here, only tendencies based on the Visibility Level
observation can be identified. The results for the switched off low beam on all test roads
show that the object positions, which are located on the right side of the road, have higher
Visibility Levels; this is because on all three test roads the street lighting systems are located
on the right side. The higher Visibility Level values tend to shift to the center of the road
when the low beam is fully switched on due to the light distribution of the headlights.

Thus, the findings of Bacelar [51,52], Bullough [53], Bhagavathula [35,55], Akashi et al. [56],
Ekrias et al. [57], and Damasky [13] can be confirmed based on the results of the present
study. While street lighting alone provides sufficient detection conditions in urban traffic
areas, the combination of street lighting and automotive lighting is in many cases associated
with a deterioration in detection conditions due to the resulting contrast reduction.

(2) What influence does the intensity of the low beam have on the contrast polarity and
value of flat detection targets on illuminated roads with different illumination levels?

The photometric measurements show that on all test roads there is initially a negative
contrast due to the street lighting. If the intensity of the low beam is then increased,
the negative contrast is initially reduced in absolute terms until a transition point is reached
at which there is no longer any contrast between the object and its background. A further
increase in the intensity of the low beam ensures an increase in the positive contrast.
However, whether this increase reaches the same amount as the negative contrast that is
present when the low beam is switched off depends to a large extent on the illumination
level of the road and the distance of the object from the observer. Thus, especially when
brightly illuminated roads are combined with higher distances to the detection object, there
are cases in which the same amount or even the transition point from negative to positive
contrast cannot be achieved; see Figure 6. Because the more brightly illuminated roads
result in stronger negative contrasts, the low beam has to compensate for a significantly
larger contrast range in order to produce a positive contrast. Thus, the present work
confirms Bullough’s results [53], which showed that the influence of the low beam decreases
with increasing illumination level. This leads to the fact that the increase in low beam
intensity on many positions and test roads only leads to a reduction of the contrast amount,
worsening the detection conditions.

(3) Is there an optimized urban light distribution for motor vehicle headlights, and if so,
what should it look like?

Because no direct distance or angle dependence can be determined from the data,
it does not seem reasonable or possible to generate a generally valid light distribution
for urban traffic areas. Moreover, the variation of street lighting is very diverse, and it is
complex to consider static headlamp light distributions for optimal illumination due to
differences in spacing between street lighting systems and their light point height, luminous
flux, and light distribution (see AbouElhamd and Saraiji [69]). In addition, for our three
test roads the negative contrast with the low beam switched off is at least as good for the
detection of objects in nearly all constellations as that provided by the fully switched on
low beam. Therefore, the suggestion resulting from the results of this study would be to
reduce the low beam intensity, thereby enabling the detection of objects with the negative
contrast. In order not to neglect the visibility of one’s own vehicle for other road users or
the brightness on the roadway, forefield illumination of the vehicle would be reasonable to
increase subjectively perceived safety (cf. Erkan et al. [70]). Thus, in addition to ensuring
sufficient detection conditions, the driver’s sense of safety would be taken into account
when generating urban headlight distributions. However, the previous authors are critical
of the approach of Bozorg et al. [62–64] to reduce the intensity of street lighting. On the
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one hand, dimming the street lighting in the presence of motor vehicle lighting certainly
increases the effectiveness of the low beam and improves the detectability of objects with
positive contrast. On the other hand, street lighting in urban traffic areas is responsible
for all road users. This includes cyclists and pedestrians as well as vehicles. A reduction
in street lighting intensity could lead to a reduction in the subjective feeling of safety for
these vulnerable road users, as they could receive the impression that they are no longer
sufficiently visible to other road users.

5. Conclusions

In the present study, the effect of low beam intensity on contrast polarity, contrast
value, Visibility Level, and object detection was investigated on three test roads (M4, M5,
M6) with two vehicle and sixteen object positions. It was found that increasing the low
beam intensity initially decreases the negative contrast already generated by the street
lighting, and as such tends to worsen detection conditions.

These observations are confirmed by consideration of the Visibility Level. It is apparent
that with the low beam switched off (maximum negative contrast) the Visibility Level for
all constellations is above the value of 7 recommended in the literature [51,52,54]. When the
low beam is fully switched on, the Visibility Level varies greatly between the different object
positions. There are object positions with very high Visibility Levels of over 100 as well as
very low Visibility Levels of 0.06. These low Visibility Levels result in a situation in which
objects can no longer be detected. The study results show that the low beam effectiveness
depends on various factors, such as distance to the object and the illumination level of the
road. Thus, the state of research in this respect can be confirmed and extended. In the
first step, the low beam initially provides worse detection conditions on illuminated roads
(see Bacelar [51,52], Bhagavathula et al. [35,55]). Furthermore, the low beam effectiveness
decreases with increasing distance to the object (see Bozorg et al. [62–64], Akashi et al. [56],
Ekrias et al. [57]) and increasing road illumination levels (see Bullough [53]). Our examination
of the subject data shows that in almost all constellations the switched off low beam is at
least as good, and in many cases even better, for object detection than the fully switched on
low beam (see Aulhorn [1,9–12,14], Damasky [13], Bhagavathula et al. [35,55]).

Therefore, it is recommended to implement the urban headlight distribution as a
forefield illumination and to enable object detection primarily via the negative contrast
provided by the street lighting.

Nevertheless, this work should initially be seen as a way of validating previous studies
and as a further step towards fully adaptive urban light distributions for motor vehicle
headlights. Because the study had to be performed on roads closed to public traffic, which
were equipped with invariable street lighting, three different test roads had to be considered
in order to obtain different lighting situations. This meant that the mutual influence of the
vehicle lighting and the street lighting could only be examined on the basis of the variation
of the low beam intensity. Other limitations of the study include the limited number and
age distribution of the subjects. Moreover, it was not possible to consider the influence
of the uniformity of roadway luminance due to the fixed street lighting on the three test
roads. The influence of external light sources (other vehicles, moonlight, etc.) was not
investigated within the scope of the present work, and would represent a useful extension
of previous studies. In order to progressively consider these current limitations in follow-up
studies, a fixed test road with variable street lighting would be of great interest for future
investigations. The test vehicle used for the presented investigations offers the possibility
of being used on any test road for further investigations. Thus, it is possible to perform
further investigations on test roads with adjustable road lighting systems (light spot height,
luminous flux, light distribution, light spectrum, etc.) and to specifically investigate the
influence of the various parameters of light spot height, luminous flux, light distribution,
and light spectrum on the detection conditions. Such a test road already exists in part, and
was used for study purposes by Vogel et al. [61]. Another interesting approach is provided
by Scorpio et al. [71], who are engaged in testing virtual reality (VR) environments as a
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possible test environment. Thus, studies could be conducted under realistic and highly
controlled conditions without external disturbances. However, before VR studies can
completely replace real studies, the photometric characteristics of the virtual environment
need to be validated and verified.
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