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Abstract

The Commission Internationale de I'Eclairage (CIE) published a system for visual
performance-based mesopic photometry in 2010. It is valid between the luminances 0.005
cd/m? and 5 cd/m? In night-time driving condi-tions, the luminances in the visual scene are in
the mesopic range; thus, mesopic photometry should be adopted when assessing lighting in
outdoor areas and other night-time traffic environments. In order to implement the CIE
mesopic photometry, the background photopic luminance, i.e. ad-aptation luminance, is
required as an input value.

The aim of the study is to develop methods for estimating the field of view of which the
luminance is to be used as the adaptation luminance in implementing the CIE 191 system for
mesopic photometry. This is realised by applying methods such as combining eye-tracking data
with correspond-ing luminance data and analysing peripheral target detection under uni-form
and non-uniform luminous backgrounds.

In the study of combining eye-tracking measurements with luminance data, the visual scene
areas with the highest density of gaze distributions were determined. The measured
luminances for these visual scenes were used to form an estimate of the adaptation luminance
under different driving conditions in the lit and the unlit sections of a rural road. The mean
luminances of the estimated fields were higher in the unlit section than in the lit section of the
route for all drivers. This was due to high-beam head-lights that illuminated the road surface,
whereas the gaze points were con-centrated in the unlit section.

Experiments in laboratory conditions were conducted in order to obtain the effect of
background and target location and its luminance on visual performance. Reaction time and
contrast threshold measurements were made to analyse peripheral target detection in uniform
and non-uniform backgrounds. Under non-uniform background luminances, peripheral tar-get
detection depends on the local luminance of the target and the lumi-nance uniformity of the
surrounding area of the target. The results verify that each part of the retina adjusts its
sensitivity independently, which re-fers to local adaptation. However, the complexity of the
visual field also has an effect on visual sensitivity in peripheral vision.

Further studies, where road type, driving speed and discomforting glare are taken into account,
are needed to define the visual adaptation field and corresponding adaptation luminance in
various driving conditions.
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1. Introduction

1.1 Background

The basis of all lighting technology and practice lies in photometry, the meas-
urement of visible light. Photometry provides a method with which to assess
light in terms of human visual spectral sensitivity. The mesopic luminance re-
gion covers a range of luminances between the scotopic and photopic regions.
Mesopic lighting applications include road and street lighting, outdoor area
lighting and other night-time traffic environments. In the mesopic region the
spectral sensitivity of the human visual system is not constant and changes with
light level. This is due to the changing contribution of the rods and cones on the
retina. Thus, not only one mesopic spectral sensitivity function is needed but
instead several functions are needed, together with a defined procedure for us-
ing these functions in a photometric measurement system [1].

In 2010, the Commission Internationale de I'Eclairage (CIE) published a system
for visual performance-based mesopic photometry [2], which is valid between
the luminances 0.005 cd/m2 and 5 cd/m?2. In night-time driving conditions, the
luminances in the visual scene are in the mesopic range; thus, mesopic photom-
etry should be adopted when assessing lighting in outdoor areas and other
night-time traffic environments.

The recommended system for visual performance-based mesopic photometry
describes spectral luminous efficiency, Vimes(A), in the mesopic region as a linear
combination of the photopic spectral luminous efficiency function, V(}), and the
scotopic spectral luminous efficiency function, V’(A), and establishes a gradual
transition between these two functions throughout the mesopic region [2]. The
system is of the form:

M(mM)VyesD) =mV(QD) + (1 —m)V'(Q) forosm=<1 (1)

and

Lines = 7=y | Vimes(LeMdA @)

where:
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e m is a coefficient, the value of which depends on the visual adaptation
conditions;

e M(m) is a normalizing function so that Vmes(A) attains a maximum
value of 1;

®  Vies(Mo) is the value of Vimes(A) at 555 nmy;
e L is the mesopic luminance; and
e L(}) is spectral radiance [W-m2-sr-nm-].

In order to implement CIE mesopic photometry (i.e. calculate mesopic lumi-
nance values), the background photopic luminance (i.e. the adaptation lumi-
nance) is required as an input value. Also, the ratio of scotopic to photopic lu-
minous output (the S/P ratio) — this is the ratio of the luminous output of a light
source evaluated according to the CIE scotopic spectral luminous efficiency
function, V’(A), to the luminous output evaluated according to the CIE photopic
spectral luminous efficiency function, V(A) — is needed, accounting for the spec-
tral power distribution (SPD) of the light source.

The spectral sensitivity curves underlying CIE mesopic photometry (as well as
photopic photometry) were established in constant and uniform adaptation
conditions. However, in dynamic outdoor environments the viewing and light-
ing conditions change constantly. Consequently, the adaptation luminance and
hence the spectral sensitivity of vision are subject to change. The next step to-
wards the implementation of mesopic photometry is the definition of adaptation
luminance for varied night-time traffic conditions [1].

1.2 The aim of the study

The aim of the study is to develop methods for estimating the field of view, the
luminance of which is to be used as the adaptation luminance in implementing
the CIE 191 system for mesopic photometry [2]. This is realised by applying
methods such as combining eye-tracking and corresponding luminance data,
and analysing peripheral target detection under uniform and non-uniform lu-
minous backgrounds.
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State of the art

2. State of the art

2.1 Mesopic photometry

The mesopic luminance region lies between the photopic and scotopic regions
where both cones and rods contribute to vision [2, 3]. Unlike the photopic and
scotopic spectral luminous efficiency functions, it is not possible to describe
mesopic spectral luminous efficiency with a single function since the interaction
between cones and rods differs with light levels.

Mesopic vision has many complexities and there have been several models es-
tablished for mesopic photometry. The earlier models were based on brightness
matching, where subjects are asked to match the brightness of a test light with
the one in the reference field [4, 5]. However, additivity — in which spectral ra-
diant quantity can be weighted with an appropriate spectral luminous efficiency
function and summed linearly across the all wavelengths to quantify corre-
sponding luminous quantity — is not preserved in brightness matching [2]. This
is also supported by the fact that target detection and recognition while driving
a car are more important than matching the brightness of adjacent surfaces on
the road [2]. A recommended system for mesopic photometry based on visual
performance was introduced by CIE in 2010 [2]. In this system, the upper limit
for mesopic luminance is 5 cd/m2 and the lower limit is 0.005 c¢d/m?.

Adaptation luminance includes not only the luminance of the foveal field but
also that of the peripheral visual field, since both rods and cones contribute to
mesopic vision. In some cases it is assumed that adaptation luminance is the
average luminance of the whole visual field, but this must be considered a coarse
assumption.

2.2 Adaptation mechanisms of the eye

The visual system must adjust its sensitivity to match the ambient light level.
This effect is called adaptation [6]. Adaptation is defined as a “process by which
the state of the visual system is modified by previous and present exposure to
stimuli that may have various luminance values, spectral distributions and an-
gular subtenses” [7]. The adaptation process includes changes in pupil size, neu-
ral adaptation and photochemical adaptation. Changes in pupil size occur via
the iris, which constricts or dilates in response to an increased or decreased level
of retinal illumination [3].

15



Neural adaptation produced by synaptic interactions in the retina creates a fast
change in visual sensitivity (in less than 200 ms) [3]. Photochemical adaptation
includes pigment bleaching and regeneration. In the retina, there are four pho-
toreceptors which contain four different pigments. The pigments break down
into an unstable aldehyde of vitamin A and a protein (opsin) when light is ab-
sorbed [3]. This process is called pigment bleaching. In the dark, the reverse
process takes place in the retina. When, for example, a light is turned off,
bleached pigments are transformed into an unbleached state; this process is
called pigment regeneration [8]. After pigment regeneration, the pigment is able
to absorb light again. Pigment regeneration is essential for increasing retinal
sensitivity during dark adaptation. The sensitivity of the eye depends on the per-
centage of unbleached pigment. The concentration of the bleached and regen-
erated photopigments is in equilibrium under steady retinal irradiance. When
retinal irradiance is changed, equilibrium is re-established with pigment
bleaching or regenaration. The adaptation duration depends on the magnitude
of change in light levels. If the change in retinal illumination is about 2—3 log
units, neural adaptation is sufficient. Adaptation is completed in less than one
second in this case. For larger changes, photochemical adaptation is necessary.
The adaptation process is completed in a few minutes if the change in light level
is within the range of operation of the cones. Tens of minutes may be necessary
for the completion of the adaptation process if the change is from the operation
of the cones to operation of the rods [3].

2.3 Adaptation in driving conditions

In order to implement the CIE 191 mesopic photometric system, the coefficient
‘m’ needs to be known. It is determined by adaptation luminance. The field of
view which contributes to adaptation luminance is called the ‘visual adaptation
field’ [9]. Once it is defined in terms of its size and shape, determining Vmes(A)
for any scene is possible.

It is also expected that the visual adaptation field is dependent on the behaviour
of the person (driving/walking) and also on environmental and illumination
conditions. The visual task load is different for example in urban and non-urban
traffic routes, and this is expected to affect the relevant visual adaptation field.
The gaze of a pedestrian can be assumed to be fixated more often off the road
than the gaze of a driver at high driving speeds. Further, the driving speed is
expected to affect the eye-fixation area, the area becoming larger with decreased
speed.

Driving includes a non-uniform scene with several objects with different light-
ing intensities. It also includes glare sources that make perception more diffi-
cult. Equivalent veiling luminance is defined as ‘luminance that, when added by
superposition to the luminance of both the adapting background and the object,
makes the luminance threshold or the luminance difference threshold the same
under the two following conditions: glare present but no additional luminance;
additional luminance present but no glare’ [7]. Narisada [10] states that when
an observer looks at an object against an area in a non-uniform field, the ob-
server’s fovea initially adapts to a time average of the luminances of parts of the
non-uniform field over which the observer is scanning his or her major visual
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attention for a span of time. The initial foveal adaptation luminance to a non-
uniform field is increased by the equivalent veiling luminance superimposed.
The equivalent veiling luminance rapidly changes with the changes in the ob-
servers’ gaze points in the non-uniform field.

In driving conditions, drivers are under the effects of continuous illumination
changes that require rapid adaptation processes in some cases, such as when
driving from a well-lit tunnel to an unlit road area [11]. In such a case it will take
some time to reach the maximal visual sensitivity and adapt to the illumination
change.

Although foveal vision is important in driving, peripheral visual information is
also critical — it is needed in detecting traffic signs, pedestrians, cyclists and
other vehicles on the road [11, 12]. However, it should be noted that visual sen-
sitivity decreases in the peripheral retina [12].

According to Alferdinck et al. [13] a new adaptation model can be defined by
combining the local adaptation luminances (the ‘average luminance of a 2 de-
gree spot in the centre of the scene’ [13]) and global adaptation luminances (the
‘average luminance of the whole scene perceived by the observer’ [13]), and by
considering eye movements. To consider the local adaptation luminance the
global adaptation luminance may cause overestimation if the road user is look-
ing at a local spot with low luminance, such as the road surface. On the other
hand, there can be underestimation if the observer has gazed at a highly lit ad-
vertisement beside the road. Moreover, adaptation luminance will be underes-
timated if it is set to the global adaptation luminance due to the disability glare,
as mentioned previously. The adaptation luminance depends on eye movements
and luminous distribution of the visual field in various traffic environments

[13].
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3. Eye-tracking studies

3.1 Introduction

Eye-tracking is a method of measuring gaze points and eye movements. It is
possible to measure gaze directions, pursuit movements and fixation duration
with an eye-tracker. In defining the visual adaptation field one question is
‘Where do drivers look while driving?” Measurement and analysis of eye-move-
ments in night-time driving is one way to answer this question.

Eye-movement behaviour is affected by several factors, such as driving experi-
ence, age, road and traffic type, and lighting conditions [14, 15, 16]. When driv-
ing, there are several objects visible through the windscreen of the car and in
the mirrors. The luminance values of the stimuli and their surroundings are not
constant while driving but change dynamically. The use of an eye-tracker pre-
sents foveal eye fixation and does not give any information about peripheral vi-
sion. However, it is useful for obtaining data for the area that is scanned by driv-
ers’ eyes under night-time driving conditions.

The sampling behaviour of the driver’s gaze, moreover, determines the illumi-
nance distribution at different parts of the retina over time. The driver samples
the road scene, the mirrors and the car’s interior by performing saccadic eye
movements interspersed with fixations or pursuit movements, which bring spe-
cific objects or locations into high-resolution foveal vision [17—21].

3.2 Field experiments

3.2.1 Background

In this work, field experiments were conducted in co-operation with with the
Helsinki University Traffic Research Unit to measure the eye-behaviour of driv-
ers while driving at day and night. Along with the eye-fixation measurements
the luminance distributions of the driving scenes were measured.

The aim was to determine the extent of the visual scene that drivers spend most
of their time looking at and to combine this information with the luminance
measurements. The luminance values are expected to vary according to various
parameters, such as road characteristics, driving speed, the type of road lighting
and the surrounding lighting. In this study, fields of view with circular sizes of
1°,5°,10°,15° and 20° around the peak gaze distributions were analysed as the
initial estimates of the extent of the visual fields that govern the adaptation state
of the eye.
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3.2.2 Experimental settings

Three drivers (mean age: 25) were asked to drive on a rural road in Helsinki
both in the daytime and at night-time. The car was equipped with two-camera
Smart Eye Pro 5.5 eye-trackers operating at 60 Hz and with a luminance camera
(Opte-e-ma LMK98-3 Colour). Eye-behaviours and corresponding luminance
values were recorded in lit sections (5.0 km) and unlit sections (6.5 km) of the
road.

The road was illuminated by high-pressure sodium lamps; the lighting installa-
tion was built in 1995 and the lighting design was made for the lighting class
Al4a [22] (average road surface luminance Lave = 1.0 cd/m?; overall luminance
uniformity, U, = 0.4; longitudinal luminance uniformity Ui= 0.4; threshold in-
crement TT = 15%).

The lit and unlit sections were divided into 25-m bins along the road in order to
obtain accurate data due to the difficulties in synchronizing the eye-tracking and
the luminance cameras. For each 25-m bin, a median luminance image was
computed from all the luminance images captured during that particular road
bin (number of luminance images captured during a 25-m bin: mean + 16.2;
standard deviation + 2.1). In the analyses, these aggregate median luminance
images were considered to represent the road scene and its luminance distribu-
tion during the respective 25-m long segments.

3.2.3 Results

A two-dimensional (2D) histogram of the distribution of the gaze direction for
each road bin was calculated separately for the daylight and night-time driving
sessions of each participant. Such a histogram describes the distribution of the
measured gaze directions relative to the centre line of the vehicle. The resulting
histograms were smoothed with a Gaussian kernel to calculate the contours.
Based on the 2D histogram, it is possible to calculate the mode of the gaze dis-
tributions and the different levels of the contours.

The gaze distributions in the horizontal direction were almost the same in the
lit section of the road both in daytime and night-time conditions. The locations
(vertical declination and horizontal eccentricity) of the peaks of the gaze distri-
bution in the road bins, averaged for each of the subjects, are presented in Fig-
ures 1 and 2. To describe the spread of the gaze, 50% contour levels (50% of the
gaze observations are within the contour) were calculated. The extent of the con-
tours in the horizontal and vertical directions is shown in Figure 3.
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Figure 1. Vertical declination of the gaze concentration mode, averaged over the road bins sep-
arately for each road section, condition (day/night) and subject. The origin is at the principal point
of the image, which is approximately at the level of the horizon. The error bars represent a 95%
confidence level.
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Figure 2. Horizontal eccentricity of the gaze concentration peak, averaged over the road bins
separately for each road section, condition (day/night) and subject. Negative values indicate that
the driver’s gaze has fallen to the left of the vehicle’s centre line. The error bars represent a 95%
confidence level.

Compared to the daylight conditions, drivers 2 and 3 directed their gaze more
downwards during the night, as can be seen in Figure 1. For those drivers, there
seemed to be a shift in their gaze behaviour, which could be due to the difficulty
of viewing beyond the area illuminated by the car’s headlights, especially in unlit
road conditions.

The horizontal mode of the gaze distribution of the subjects remained close to
the vehicle’s centre line in the lit sections at night (Figure 2). In the unlit sections
at night all drivers’ gaze modes were to the right of the centre line in section 1
(northbound) and mostly to the left in section 2 (southbound). However, as this
effect was present both in daytime and night-time conditions it is attributable
to the geometry of the road.
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The size of the 50% contour of the gaze distributions was consistently larger in
the vertical dimension during the night, while the horizontal dispersion re-
mained approximately the same between daytime and night-time conditions, as
seen in Figure 3. This suggests that in the night-time conditions, drivers move
their gaze more vertically, scanning the road near and far. The vertical range of
the 50% contour was markedly larger for drivers 2 and 3, whose vertical decli-
nation of the mode was also lower during night-time conditions compared to
daytime conditions (Figure 1). The gaze behaviours of driver 1, who was the most
experienced driver, was approximately the same in both conditions; likewise,
the vertical range of the 50% contour during night-time conditions was closer
to the daytime range. This effect is also visible in Figure 4 which indicates the
contours of the gaze distributions for all daytime and night-time data in the lit
section.
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Figure 3. Dispersion of the gaze, averaged over the road bins separately for each road section,
condition (day/night) and subject. The error bars represent a 95% confidence level.
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Figure 4. (a) Contours of the gaze distribution (10%, 50% and 95% contours from the innermost
to the outermost contours, respectively) superimposed on a video image of daytime driving in the
lit section. (b) Contours of the gaze distribution (10%, 50% and 95% contours from the innermost
to the outermost contours, respectively) superposed on a video image of night-time driving in the
lit section.

Median luminance images for each 25-m bin (Figure 5) were calculated for the
night-time conditions. These images represent the view of the road visible to the
driver during a 25-m stretch of the road.
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Figure 5. An example of a median luminance image, computed from all the luminance images
captured in the lit section within a 25-m bin.

It should be noted that the underlying image in Figures 5, 6a and 8 is the same,
the colour scale that can be seen in Figure 5. The eye-tracker reveals only the
foveal fixations, shown in Figure 6a. The gaze density computed using a 2D his-
togram is indicated in the form of a heat map in Figure 6b.

=

Declination (deg)

20 20

10 0, 10
Eccentricity (deg)

(a)

0.00054
20 000048
000042
10 | [
000036
N
o
| |o.000303
o | @
| 0
000024 )
=
0.00012
20
0.00006

30 20 -10 0, 10 20 30 00000
Eccentricity (deg)

Declination (deg)

()

Figure 6. Median luminance images from a 25-m bin on a lit segment (the gaze data on both
images are the same: all luminance data for each driver and each run from inside the 25-m bin
was aggregated): (a) scatter of the gaze data points; (b) gaze density estimate, indicated as a
heat map with gaze mass density estimation (kernell density estimation — KDE) computed from
the histogram.
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Eye-tracking studies

The gaze distributions within the scene are illustrated as contour lines (Figure
7). The mean luminances were calucalted for the area within the different fields
of view, defined as circular 1°, 5°, 10°, 15° and 20° fields (Figure 8) that have
their centre at the peak of the gaze distributions (Figure 6b) for each 25-m bin.
Those areas represent the initial estimates for the visual adaptation field. The
upper limit of the fields was 20°. Above the 20° field, we would probably have
observed the same luminance values without any eye-behaviour related effects,
since the visual field would in that case cover most of the windscreen.

Declination (deg)

30 2 10 B 10
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Figure 7. Contours of the gaze distribution (10%, 50% and 95% contours from the innermost to
the outermost contours, respectively) superimposed on a median luminance image (pictured: ob-
servations of all drivers during a 25-m bin on the lit route at night-time).
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Figure 8. The circular 1°, 5°, 10°, 15” and 20° fields imposed to the median luminance image
(Figure 5) as an initial estimation of the visual field. The centre point of the circular fields is the
peak (mode) of the histogram, from which the contours in Figure 6a are also derived.

The mean luminances were calculated for circular fields of 1°, 5°, 10°, 15° and
20° centred at the peak of the gaze distribution. This was done both for the lit
and unlit conditions (Tables 1 and 2).

On the unlit section of the road the drivers looked more downwards, since there
was only illumination from the car headlights on the road surface close to the
car. Therefore, higher luminance values were obtained in the unlit section rela-
tive to the lit section (Table 2). The differences in the circular field luminances
between the subjects become smaller with increased circular field sizes.
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Table 1. The mean luminance values for the 1°, 5%, 10°, 15° and 20° circular fields, calculated
from all of the bins in the lit sections for all of the drivers.

The luminance of the circular visual fields (cd/m?) mean * standard deviation
Drivers Condi- 1° field 5’ field 10° field 15° field 20° field
tion
Driver 1 Lit 1 0.43+0.18 0.72+0.21 0.90+0.14 0.63+0.10 0.44 £ 0.08
Lit 2 0.34 £0.25 0.64 £ 0.26 0.84+0.13 0.61+0.07 0.43 £+ 0.06
Driver 2 Lit 1 0.27+£0.14 0.48+0.20 0.78+0.16 0.61+0.10 0.44 £ 0.08
Lit 2 0.27 £0.13 0.50 + 0.21 0.80+0.13 0.61+0.07 0.43 + 0.06
Driver 3 Lit 1 0.85+ 0.81 1.05+0.52 0.94 +0.21 0.63+0.11 0.44 +0.09
Lit 2 0.93+0.72 1.11+0.46 0.93+0.16 0.61+0.09 0.43 +0.07

Table 2. The mean luminance values for the 1°, 5°, 10°, 15° and 20° circular fields, calculated
from all of the bins in the unlit sections for all of the drivers.

The luminance of the circular visual fields (cd/m?) mean * standard deviation
Drivers Condi- 1° field 5° field 10° field 15° field 20° field
tion
Driver 1 Unlit 1 0.89 +1.07 1.83+0.77 1.70+0.20 1.03 + 0.06 0.65 + 0.04
Unlit 2 0.65+0.73 1.67+0.71 1.67 +0.21 1.03+0.07 0.65 + 0.04
Driver 2 Unlit 1 0.51+0.74 1.53+ 0.66 1.65+0.17 1.02+ 0.06 0.65 + 0.04
Unlit 2 0.52+0.85 145+0.72 1.62+0.22 1.03+0.07 0.65 + 0.04
Driver 3 Unlit 1 3.35+2.68 | 2.83+1.32 1.76 £ 0.37 1.02+0.10 0.65 + 0.04
Unlit 2 3.32+246 | 294+1.13 1.85+0.23 1.05+ 0.08 0.66 + 0.05

For all circular fields, the mean luminance values for each driver for the entire
distance were higher in the unlit sections compared to the lit sections due to the
use of high-beam headlights in the unlit section. The mean luminance differ-
ences between the three drivers decreased as the circular field size increased.
Moreover, the variations in the mean luminance values diminished as the size
of the circular visual field increased.

3.2.4 Conclusions

In this study the visual scene areas with the highest density of gaze distributions
were determined. The measured luminances for these visual scenes were used
to form an estimate of the adaptation luminance under different driving condi-
tions. The estimated fields of view were circular in shape. The mean luminances
of the estimated fields were higher in the unlit section than in the lit section of
the route for all drivers due to the gaze points on the road surface illuminated
by the high-beam headlights in the unlit section. The differences in the mean
luminance between three drives decreased as the field size increased. Moreover,
the variations in the mean luminance values diminished as the size of the circu-
lar visual field increased.

Further studies are needed to study the size and location of the area defining the
visual adaptation field and whether its shape can be assumed to be circular, el-
lipsoid or some other shape. This study assumed that the gaze distributions de-
fined the centre of the field of view. Additional studies are needed to verify
whether or not the centre of the visual field is the same as the centre of the visual
adaptation field.
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Visual performance experiments

4. Visual performance experiments

The visual adaptation field refers to the extent of the field of view that deter-
mines the adaptation state of the eye. Therefore, it is important to estimate the
extent of the space visible to the eye by analysing peripheral target detection.
Conducting experiments in laboratory conditions makes controlling the loca-
tion and luminance of the target and background possible. Thus, it is expected
to get useful data related to visual performance against targets in peripheral vi-
sion.

Night-time driving is the most essential field in which mesopic photometry can
be applied [2]. Both foveal vision (dominated by cones) and peripheral vision
(an interaction of cones and rods) are needed in driving. Peripheral target de-
tection is critical, for example during the sudden appearance of pedestrians, an-
imals and other vehicles in the visual field. The appearance of targets at different
eccentricities and with different luminances is a useful method for analysing pe-
ripheral visual performance.

4.1 Experimental set-up

Alarge screen illuminated by three projectors (BenQ W1070) was used to create
a background and stimuli for the visual experiments. The size of the visual field
provided by the screen was 180° horizontally and 44° vertically. The distance
between the subjects and the fixation point was 96 cm (Figure 9).

A Labview programme was developed to adjust the luminance, size and loca-
tions of the targets. The duration of target appearance and the type of back-
ground in terms of uniformity and spectra were also controlled by the pro-
gramme. Neutral density filters were applied in the projectors to provide
mesopic luminances on the screen.

Reaction time and contrast threshold experiments were conducted by asking the
subjects to detect off-axis targets while they were fixated at the cross in the cen-
tre of the screen. The fixation location was monitored with an infrared camera
located below the screen. An LMK luminance measuring imaging photometer
and an LMT L1009 luminance meter were used in luminance measurements.
Spectral irradiance measurements were done using a Konica Minolta CL-500 A
Iluminance Spectrophotometer.
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Figure 9. The large screen used in reaction time and contrast threshold experiments.

4.2 Reaction time measurements under uniform and non-uniform
background luminances

Reaction times to visual stimuli are strongly related to driving performance and
traffic safety [23—24]. A link between the response-time based relative visual
performance model and the reduction in crashes for roadway intersections was
reported by Rea [23]. Plainis and Murray [24] hypothesised that longer reaction
times under dark conditions might be the explanation for the higher crash rates
at night-time relative to the daytime.

Driving includes miscellaneous stimuli in various locations. More data are thus
needed about visual performance at larger eccentricities for estimating the ex-
tent of the visual adaptation field in mesopic conditions. Reaction times to pe-
ripheral targets under uniform and non-uniform backgrounds are good indica-
tors for estimation of the extent of the visual field.

4.2.1 Experimental set-up

Reaction times to targets located at eccentricities between -75° and 75° in the
horizontal axis and at -15° and 15° in the vertical axis were measured.

The reaction times and numbers of missed targets are expected to contribute to
estimating the size and the shape of the visual adaptation field in mesopic con-
ditions. The effects of target eccentricity and contrast, light spectrum and lumi-
nance level on peripheral target detection under different adaptation conditions
were analysed.

The type of the visual scene background is an essential factor in assessing adap-
tation conditions at mesopic light levels. Backgrounds with uniform luminance
have been used in some studies [25—26]. It is also important to analyse the ef-
fects of the non-uniformity of the background luminance on visual performance
since the visual scene in driving at night includes various luminances. This has
been done in the studies of Uchida et al. and Akashi et al. [9] [27]. Therefore,
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Visual performance experiments

the comparison of visual performance under uniform and non-uniform back-
ground luminances is expected to provide information for analysing visual ad-
aptation in night-time driving.

Three uniform and three non-uniform background luminances were applied in
the experiments. The light spectra for the uniform backgrounds were red, blue
and white. The uniformity of the background luminances were analysed by LMK
LabSoft. The luminance uniformity was within 10%. The light spectrum for non-
uniform backgrounds was white. The spectral distributions are shown in Figure
10. The S/P ratios of the light spectra were 0.3 (red), 2.18 (white) and 12.18
(blue). Achromatic stimuli of a 1.5° size were projected onto the background in
35 different locations (Figure 11). The horizontal target eccentricities were -75°,
-45°,-10°,0°,10°, 45° and 775° and the vertical target eccentricities were -15°,
-7°, 0°, 7° and 15°. The two background luminances of the uniform back-
grounds were 0.1 cd/m2 and 1 cd/m2.
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Figure 10. The relative SPDs for red, blue and white light.
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Figure 11. Screen size and target locations in terms of horizontal and vertical eccentricities.

The target contrasts were 0.3 and 0.7 for the uniform backgrounds at a back-
ground luminance of 1 cd/m?2. The target contrast was 0.7 for the uniform back-
grounds at a background luminance of 0.1 cd/m?2 and for all non-uniform back-
grounds.
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For non-uniform backgrounds, three different luminance patterns (elliptical,
road scene and windscreen) with a 1 cd/m?2luminance were imposed on the uni-
form background with a 0.1 cd/m?luminance. The patterns in terms of their size
and luminance are presented in Figure 12.
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Figure 12. The non-uniform backgrounds applied in the experiment. Three different patterns il-
lustrating elliptical (above), road scene (middle) and windscreen (below) with a luminance of 1
cd/m? imposed on a background with a luminance of 0.1 cd/m?. White light was used for all the
non-uniform backgrounds.

The contrast was calculated by the equation:
C=(Lp-LJ/Lo (3)

where C is the contrast, Ly is the background luminance and L is the target lu-
minance.

Ten subjects (five females and five males), with a mean age of 28, participated
in the experiment. During the experimental session, the subjects were asked to
fixate on the cross at the centre of the screen and press the button when they
detected the stimulus. The time between the stimulus appearance and the sub-
ject’s response was recorded as the reaction time.

The reaction time values include a delay caused by the software and intercon-
nection of the devices in the system. The mean delay of the system was found to
be 290 ms with a standard deviation of 12.6. This delay time was subtracted
from the measured reaction time values.
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4.2.2 Results

4.2.2.1 Reaction time under uniform background luminances

Mean reaction times for stimuli appearing at horizontal eccentricities of -75°, -
45°,-10°,0°,10°, 45° and 775° for uniform backgrounds with a luminance of 1
cd/m2 and 0.1 cd/m?2 are presented in Figure 13. The graphs indicate the target
locations on the horizontal axis where vertical eccentricity is zero. The mean
reaction times for foveal targets with 0.3 and 0.7 contrasts for blue and white
backgrounds were longer than those at the -10° and 10° eccentricities. The
mean reaction times to targets with 0.7 contrast appearing in the near periphery
(-10° and 10° eccentricities) at 0.1 and 1 cd/m? for the red background were
higher compared to those for the white and blue backgrounds (Figure 13 a, 13c).
Mean reaction times at -75°, 45° and 75° target eccentricities under the white
background at 1 cd/m2were lower than the red and blue backgrounds for both
contrast values (Figures 13c, 13e). The number of missed targets was high for
low-contrast targets at the far periphery under blue light.

The effect of the light spectrum on reaction time is evident at a background lu-
minance 0.1 cd/m2, as shown in Figure 13a. In foveal vision the light spectrum
did not affect the reaction time. However, reaction times to peripheral stimuli
under blue light were shorter than those for the white and red light spectra.
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Figure 13. Mean reaction times and the percentage of missed targets as a function of horizontal
target eccentricities, light spectrum, background luminance and contrast for uniform backgrounds.
The error bars indicate the standard deviation. L = luminance. C = contrast.

Figure 14a shows the effect of contrast on reaction times averaged over all back-
ground spectra at 1 cd/m2 background luminance. The effect of background lu-
minance on reaction times to stimuli with 0.7 contrast is also shown in Figure
14b.
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Figure 14. Mean reaction times as a function of horizontal eccentricities for uniform backgrounds,
averaged over all light spectra. (a) The effect of contrast on reaction time for a 1 cd/m? luminance.
(b) The effect of background luminance on reaction time to stimuli with a 0.7 contrast. The error
bars indicate the standard deviation. L = luminance. C = contrast.

The effects of background luminance, light spectrum and target location on re-
action time in terms of horizontal and vertical eccentricities were analysed by
performing an analysis of variance (ANOVA). The ANOVA includes all light
spectra (red, blue and white) and two luminance levels (0.1 and 1 cd/m?2). Table
3 shows the results of the ANOVA.

The target location affected visual performance in terms of reaction time under
uniform backgrounds at both luminances and with all light spectra. The reaction
times and the percentage of missed targets greatly increased at -75° and 75°
target eccentricities. The difference in mean reaction times between 75° and 45°
target eccentricities was higher than those for other eccentricities.
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In order to find out the target location at which the subjects’ reaction time
started to increase, additional experimental sessions were conducted for two
subjects under uniform backgrounds. In these sessions, the furthest peripheral
target location was 60° and -60° instead of the 75° and -75° eccentricities. The
reaction times to targets at 45° and 60° eccentricities were similar, except for
with the low-contrast target under blue light. The percentage of missed targets
at 60° eccentricity was significantly lower than those at 75° eccentricity. Reac-
tion times started to increase at the eccentricities larger than 60°. There were
no missed targets at 60° eccentricity at a background luminance of 1 ecd/m2 and
for the target contrast of 0.7.

Table 3. Results of statistical analysis (ANOVA) for reaction time and missed targets under uni-
form backgrounds. The significant differences are indicated in bold.

df Reaction Time Missed Targets

Source of variation E p-val- F p- val-

ues ues

Horizontal eccentricity 6 183.45 0.00 379.96 0.00
Vertical eccentricity 4 10.67 0.00 33.63 0.00
Luminance 1 774.20 0.00 266.35 0.00
Colour 2 63.38 0.00 44.11 0.00
H. eccentricity x V. eccentricity 24 1.85 0.01 15.93 0.00
H. eccentricity x Luminance 6 13.35 0.00 87.25 0.00
H. eccentricity x Colour 12 0.71 0.74 9.15 0.00
V. eccentricity x Luminance 4 1.07 0.37 0.68 0.61
V. eccentricity x Colour 8 0.65 0.73 112 0.35
Luminance x Colour 2 71.93 0.00 146.11 0.00
:Ié:é:gentncny x V. eccentricity x Lumi- 24 138 0.12 113 0.31
H. eccentricity x V. eccentricity x Colour 48 1.66 0.01 0.83 0.77
H. eccentricity x Luminance x Colour 12 7.29 0.00 54.57 0.00
V. eccentricity x Luminance x Colour 8 0.92 0.50 5.37 0.00
:Iéfggin(t:ri;i;ﬁrx V. eccentricity x Lumi- 48 1.09 0.33 2.69 0.00

4.2.2.2 Reaction times under non-uniform background luminances

The mean reaction times increased with increasing eccentricity for most of the
background configurations (Figure 15). For the non-uniform background with
the road scene pattern, the mean reaction times for foveal targets were signifi-
cantly higher than for the other backgrounds. The only missed target recorded
at that eccentricity was also recorded in the non-uniform background with the
road scene (non-uniform 2). It can be attributed to the shape of the road scene
pattern that is more complex than the elliptical and windscreen pattern in non-
uniform images (Figure 12).

The results indicate that reaction times to stimuli at the far periphery
(-75°, -45°, 45° and 75° eccentricities) depend on the local luminance of the
stimulus rather than on the luminance uniformity of the background. In other
words, for a stimulus appearing at 45°eccentricity, the stimulus luminance is
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0.17 cd/m? for the uniform 1 (Ly= 0.1 cd/m2), non-uniform 1 (elliptical) and non-
uniform 2 (road scene) backgrounds, whereas it becomes 1.7 cd/m?2 for the uni-
form 2 (Lp = 1 cd/m?2) and non-uniform 3 (windscreen) backgrounds. The mean
reaction times to targets appearing at the far periphery and having the same
target luminance were similar under different background images. However, lu-
minance distribution of the background affected reaction times to stimuli at -
10°,0° and 10° eccentricities.

The statistical analysis of reaction time and the percentage of missed targets was
performed with the ANOVA test (Table 4). Both the horizontal and vertical ec-
centricities and target luminance affect the mean reaction time and the percent-
age of missed targets. Although the effect of the background luminance uni-
formity on reaction time is not significant, it has a significant effect on the per-
centage of missed targets. A post hoc Bonferroni test was applied to analyse the
effect of eccentricity on mean reaction time. This statistical method also indi-
cates that the difference in mean reaction times is significant at -75°, -45°, 45°
and 75° target eccentricities.
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Figure 15. Mean reaction times and the percentage of missed targets as a function of horizontal
target eccentricities, for uniform and non-uniform backgrounds. The background spectrum was
white. Vertical eccentricity was zero. The immediate background luminances of non-uniform 1
(elliptical) are 1 cd/m? for -10°, 0°, 10° eccentricities; 0.1 cd/m? for -75°, -45°, 45° and 75° eccen-
tricities. For non-uniform 2 (road scene), the immediate background luminances are 1 cd/m? for
0° eccentricity; 0.1 cd/m? for -75°, -45°, -10°, 10°, 45° and 75° eccentricities. For non-uniform 3
(windscreen), immediate background luminances are 1 cd/m? for -10°, 0°, 10°, 45 eccentricities;
0.1 cd/m? for -75°,-45° and 75° eccentricities. The contrast ratio was 0.7. The error bars about
mean reaction time indicate the standard deviation.
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Figure 16. The percentage of missed targets as a function of vertical eccentricities, for uniform
and non-uniform backgrounds. Horizontal eccentricity was 75°. The background spectrum is
white. The target contrast was 0.7.

The effect of vertical target eccentricity on reaction time is shown in Figure 16,
which presents the number of missed targets as a function of vertical eccen-
tricity. In this case, the horizontal eccentricity was 75°, which is the furthest
horizontal location. It is seen that the percentage of misses was affected by the
background luminance pattern rather than by the local luminance of the target.
Local luminance refers to the luminance of the target according to its location
and the luminance of its surroundings. The luminance of the target located in
the 0.1 cd/m2luminance region of the non-uniform background is 0.17 ¢d/mz2,
whereas it is 1.7 cd/m2 in the mask of the background image of which luminance
is 1 cd/m2 (Figure 12).

Table 4. The results of statistical analysis (ANOVA) for reaction time and missed targets under
non-uniform backgrounds. Significant parameters are indicated in bold.

e df Reaction Time Missed Targets
Source of variation
F p- values F p- values

Horizontal eccentricity 6 72.45 0.00 4103.55 0.00
Vertical eccentricity 4 3.57 0.01 351.40 0.00
Luminance 1 170.67 0.00 275.57 0.00
Uniformity 1 1.30 0.26 1349.38 0.00
H. eccentricity x V. eccentricity 24 1.26 0.18 116.24 0.00
H. eccentricity x Luminance 6 5.61 0.00 481.07 0.00
H. eccentricity x Uniformity 6 3.19 0.00 1075.64 0.00
V. eccentricity x_Luminance 4 0.57 0.69 17.10 0.00
V. eccentricity x Uniformity 4 0.55 0.70 29.05 0.00
Luminance x Uniformity 1 0.56 0.46 6.63 0.01
H. egcentricity x V. eccentricity x 24 0.89 0.62 24.15 0.00
Luminance
H. eccentricity x V. eccentricity x 24 31.15
Uniformity Y Y 0.89 0.62 0.00
H. eccentricity x Luminance x Uniformity 6 0.26 0.85 1.87 0.13
V. eccentricity x Luminance x Uniformity 4 1.18 0.32 4.22 0.00
H. eccentnglty X V eccentricity x Lumi- 24 0.48 0.75 2.79 0.03
nance x Uniformity

4.2.3 Discussion

The results indicate that the target luminance, location and luminance distribu-
tion of the background affect reaction times under mesopic light levels. The tar-
get luminance and location have a major effect on both mean reaction times and
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the percentage of missed targets. Under both uniform and non-uniform back-
ground luminances, the mean reaction times to stimuli in the fovea and close to
the fovea (-10° and 10°) are similar. However, in the far periphery the increases
in mean reaction time are clearly seen.

The spectral sensitivity changes at mesopic light levels were only observed at the
lower background luminance of 0.1 cd/m?2. At this luminance, the mean reaction
time to peripheral stimuli under blue light is shorter than under the other light
spectra. However, at the higher background luminance (L = 1 cd/m?) and at
contrast of 0.7 (C = 0.7), the mean reaction time to peripheral stimuli is similar
under red and blue light. At this luminance level there were more misses than
with the lower contrast of 0.3 (C = 0.3) under blue light than under white or red
light. These unexpected results could be due to the fact that the level of the sub-
jects’ visual comfort was lower in blue background at 1 cd/m2 relative to the
other spectra.

For non-uniform backgrounds, the difference in mean reaction times between
target eccentricities 0° and 10° was small, except for with the background rep-
resenting a road scene. The differences in mean reaction times for foveal stimuli
may be due to the luminance distribution of the background. The effect of stim-
ulus location and luminance on mean reaction times was most visible at target
eccentricities of -75°, -45°, 45° and 75°. The mean reaction times to stimuli at
the far periphery were affected by the local luminance of the stimulus which
supports the local adaptation approach that states that each part of the retina
adjusts its adaptation level to the local light level independently [9][28-29]. As
expected, the percentage of missed targets was higher at eccentricities of 75°
and -75° for all backgrounds. The effect of luminance distribution is stronger on
the percentage of missed targets under non-uniform backgrounds than under
uniform backgrounds. For example, half of the subjects missed the target ap-
pearing at -75° with the non-uniform background representing a windscreen,
whereas there were no missed targets at the same eccentricity with a uniform
background (0.1 cd/m?2) although the target luminances were the same.

The high number of missed targets at -75° and 75° eccentricities for non-uni-
form backgrounds indicates that the luminance distribution of the background
affects visual performance for stimuli appearing in the far periphery. In other
words, the detection of targets at -75° and 775° is more difficult under non-uni-
form background luminances than under uniform background luminances.

The effect of vertical eccentricity on the percentage of missed targets at 75° is
shown in Figure 16. For targets at 75° horizontal and 15° vertical eccentricities,
the number of missed targets was 90% for the non-uniform background pattern
representing a windscreen. This indicates that it was almost impossible to detect
targets around the furthest horizontal and vertical eccentricities. The changes
in mean reaction time as a function of vertical eccentricity at 75° horizontal ec-
centricity indicate that the shape of the functional visual field is elliptical. The
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difference between mean reaction times at 60° and 75° horizontal eccentricities
under uniform background luminances also supports this observation.

However, by considering targets with different size and contrast and also visual
tasks different from reaction time, it is not straightforward to suggest the above-
mentioned area as the shape and the extent of the visual adaptation field.

4.3 Contrast threshold measurements in high-dynamic back-
ground images

Contrast threshold measurements were conducted in dynamic non-uniform
backgaround luminances simulating real driving conditions by using the same
experimental setup as in section 4.2. Detection threshold measurements refer
to the question ‘Can a target be seen?’ and were applied in several studies in the
development of mesopic photometry [26][30-31]. Night-time driving scenes
may include dark objects as well as glare sources with high luminances. Thus,
studies using non-uniform backgrounds with complex surroundings are
needed. Previous studies indicate that the local luminance of the target is an
essential factor in peripheral target detection in non-uniform backgrounds
[9][27]. This supports the local adaptation [32] approach, which assumes that
each part of the retina adjusts its light sensitivity independently.

A background image was taken in a street illuminated by LED luminaires (Fig-
ure 17). The S/P ratio of the background light is 2.02. The images were taken
with Canon 60D camera combined with an 8 mm fish-eye lens located on the
front of the car, between the headlamps. The luminaries and the car headlamps
were on when images were taken.

Figure 17. A background image taken from Otaranta in Espoo, Finland. The street is illuminated
with LED luminaires.

Display devices such as screens and projectors have a non-linearity between
RGB and luminance values called gamma. Gamma is the exponent in the power

function:

Sout = ASinY 4
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where A is a scaling constant, Sou: is the signal after gamma encoding, Sin is the
signal to be encoded and y is gamma. Gamma encoding is used to store lumi-
nance levels more efficiently. The gamma values of the projectors used were 2.2.
In this experiment, the linearity between tristimulus and luminance is needed
in order to control the increment of the target luminance and obtain its desired
value. Thus, the inverse function to the gamma function was used to make the
relation linear.

Targets with the size of 1.5° were projected onto the background in 23 different
locations (Figure 18). Target locations cover 10° and 20° circular fields of view
and include the horizontal eccentricities of -60°, -45°, -30°, 30°, 45° and 60°.
There were two luminance levels for the background. Luminances of the back-
ground were adjusted by applying neutral density filters to obtain the average
road surface luminance (1.6 cd/m2in a low luminance image; 3.4 cd/m? in a
high luminance image), which is close to that measured from the street (1.8
cd/m?2), and the luminance of the luminaires was kept as high as possible con-
sidering the luminance range provided by the projectors (19 cd/m2in the low
luminance image; 37 cd/m?2 in the high luminance image). Filters with 0.6 opti-
cal densities were used for high luminance images and filters with 0.9 optical
densities were used for low luminance images. Luminance values were meas-
ured by an LMK spectrophotometer and an LMT 1009 luminance meter. Lumi-
nances from the 3° field surrounding the target location were recorded as a
background luminance for the target. Target luminance was increased until it
reached a value twice the amount of its background luminance. The subjects’
task was to indicate if they detect the target or not. The term ‘contrast’ in this
study refers to the ratio in equation 3 where Ly is the background luminance of
the 3° field onto which the target is projected and L is the target luminance.

In order to quantify the luminance distribution of the surrounding area at each
target location, the term ‘complexity’ was derived based on the following for-
mula:

Complexity = 1 — Lin/Lave (5)

where Lmin is the minimum luminance of the 5° field that surrounds each target
location and Laye is the average luminance of the same field.

Ten subjects (mean age: 30) participated in the experiment. All subjects had
normal colour vision measured by the Ishihara colour vision test. The subjects
were given 5 minutes to adapt to the background luminance before the experi-
mental sessions. After adapting to the background, the subjects were asked to
fixate on the cross at the centre of the screen binocularly and press the button
when they detected the targets. An ascending method of limits was applied in
the experiment. The target duration was 10 seconds. If no response was given
by the subjects during this period it was recorded as a miss. The time between
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target appearances (between 500 ms and 2000 ms) and the order of target lo-
cations were randomized. Exceptionally low contrast values (< mean — 2 x
standard deviation) were discarded from the results to eliminate anticipatory.

4.3.1 Results

There were two different luminance levels that are referred to as low and high
luminance in this study. The luminance range of the low luminance image
(shown with a neutral density filter with an optical density of 0.9) is between
0.05 and 19 cd/m2 (the average luminance for the whole image was 0.34 cd/m?2).
For the high luminance image (neutral density filter with an optical density of
0.6) the luminance values are between 0.1 and 37 cd/m?2 (the average luminance
for the whole image was 0.76 cd/m?2). Target locations are indicated by numbers
in Figure 18. The target number and the corresponding location in terms of hor-
izontal and vertical eccentricities according to the fixation point (number 12 in
Figure 18) are given in Table 5 in the appendices. The dots with numbers 7, 8,
9, 11, 13, 15, 16 and 17 represent the targets in the 10° field of view, whereas
those with numbers 4, 5, 6, 10, 14, 18 and 19 refer to the targets in the 20° field
of view. Other numbers correspond to the targets at horizontal eccentricities of
-60°, -45°,-30°,30°, 45° and 60°. The location of the targets with numbers 10
and 13 are shifted gradually so as not to overlap high-luminance objects in the
scene.

Figure 18. Target locations illustrated with numbers in the background image of the road scene
with LED luminaires. Number 12 is the fixation point.

According to the t-test there were no significant effects of the luminance level
on the contrast threshold: t(498) = -0.202, p = 0.840. A two-way ANOVA was
applied to check the effects of target location and target luminance on the con-
trast threshold values. The statistical analysis indicates that both target lumi-
nances (F = 1.68; p<0.03) and target locations (F = 11.99; p<0.01) had a signif-
icant effect on the contrast threshold. However, the interaction between them
was not significant (F = 0.83; p = 0.51). A post-hoc Tukey test was applied to
ascertain the effect of individual target locations. The contrast thresholds of the
targets in the 10° and 20° fields of view with the same background luminance
were close to each other. Target number 7 at a 10° eccentricity is one exception;
target number 7 also had a higher contrast threshold at the higher luminance.

Mean contrast threshold values for the targets located on the horizontal axis
(targets numbered 1, 2, 3, 4, 7, 12, 17, 20, 21, 22 and 23) at both luminance levels
are shown in Figures 19 and 20. The figures indicate that visual sensitivity does
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not depend on the target eccentricity but more on the local luminance and the
complexity of the surrounding area. Another interesting and unexpected result
is that the contrast threshold of the target at -10° (number 7) in the low lumi-
nance image is lower than that in the high luminance image. This target is sur-
rounded by small bright spots that may make target detection more difficult in
the high luminance image. Targets appeared on the right-hand side of the visual
field (10°, 20 °, 30° and 45°), which has less complex surroundings, were easier
to detect. Far peripheral targets (-60° and 60°) were missed by most of the sub-
jects as expected.

Contrast threshold values for targets within the 10° and 20° fields as a function
of background luminance are presented in Figures 21 and 22 for both luminance
levels. The figures indicate that targets appearing on the road surface were de-
tected more easily (targets no. 5, 8, 10 and 11) at both luminance levels. How-
ever, targets that appeared at the edge of the pavement (nos. 15 and 18) were
difficult to detect. Moreover, the contrast threshold for the target at 10° eccen-
tricity (no. 17), which is located beside the pole with a traffic sign on it, is higher
than that at 20° (no. 20), which has a more uniform surrounding. This indicates
the effect of the complexity of the surrounding area on visual sensitivity in
mesopic conditions.

However, Figures 21 and 22 indicate that targets number 4 (-20°) and 7 (-10°)
have very high contrast threshold values, although there are other targets which
have more complex surroundings in the same field of view (target no. 13 in the
10° field and target no. 14 in the 20° field). A similar result was observed for
target number 17 in the 10° field. According to the numerical values obtained,
we cannot attribute this fact to luminance distribution, local luminance or target
location in a straightforward manner. However, it is proposed that the sur-
roundings, including small bright spots and trees, make it more difficult to de-
tect these targets, although this conclusion cannot be clearly verified based on
their complexity values.

It was also difficult to detect a target (no. 14) appearing above the luminaire,
which was the area with the highest luminance. High miss rates (Table 4) and
contrast threshold values indicate that luminaires affect visual performance by
causing disability glare.

According to Figures 19 and 20, the big difference in the contrast threshold val-
ues between targets 2 (-45°) and 3 (-30°), and targets 22 (45°) and 23 (60°) can
be due to the traffic sign’s pole being located between those targets. The contrast
threshold difference between target number 2 at -45° eccentricity and target
number 22 at 45° eccentricity also supports this hypothesis. These vertical ob-
jects may also make it difficult to detect targets in the far periphery (targets 2
and 23).
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The foveal targets do not have the lowest contrast threshold values because their
appearance was relatively unexpected for the subjects who had been giving re-
sponses to off-axis targets at several locations.

High Luminance Image
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Figure 19. The contrast threshold of the targets on the horizontal axis in high luminance images
as a function of eccentricity. The complexity of the 5° field and the background luminance at the
corresponding target location are presented. Error bars indicate the standard deviation of the

mean.
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Figure 20. The contrast threshold of the targets on the horizontal axis in low luminance images
as a function of eccentricity. The complexity of the 5° field and the background luminance at the
corresponding target location are presented. Error bars indicate the standard deviation of the

mean.
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a) 10° field in a high luminance image
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Figure 21. The contrast thresholds in high luminance images as a function of the background
luminance of the targets in the (a) 10° and (b) 20° fields. The complexity of the 5° field at the

corresponding target location and target number were presented below the horizontal axis. Error
bars indicate the standard deviation of the mean.
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b) 20° field in a low luminance image
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Figure 22. The contrast thresholds in low luminance images as a function of the background

luminance of the targets in the (a) 10° and (b) 20° fields. The complexity of the 5° field at the
corresponding target location and target number were presented below the horizontal axis. Error
bars indicate the standard deviation of the mean.

4.3.2 The effect of high luminance objects on peripheral target detection

Further contrast threshold measurements were carried out for a modified back-
ground image. The high luminance objects, such as street luminaires and other
bright light spots, were removed in order to see their effect on peripheral target
detection. The modified background is shown in Figure 23. The modified back-
ground image was named as ‘the image without luminaire luminances’ whereas
the original background in Figure 18 is called ‘the image with luminaire lumi-
nances’ in this section. The luminance range of the low luminance image (neu-
tral density filter with an optical density of 0.9) is between 0.04 and 6.9 cd/m?
(the average luminance for the whole image was 0.27 cd/m?2). For the high lu-
minance image (neutral density filter with an optical density of 0.6) the lumi-
nance values are between 0.08 and 17 cd/m? (the average luminance for the
whole image was 0.57 cd/m?2).

Target number and the corresponding location in terms of horizontal and verti-
cal eccentricities according to the fixation point (number 12 in Figure 23) are
given in Table 6 in the Appendices. The contrast thresholds for targets appear-
ing in the horizontal axis for low and high luminance images are shown in Figure
24.
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Figure 23. Background image without any luminaire and other light spots. Target locations are
shown by numbers.
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Figure 24. The contrast threshold of the targets on the horizontal axis in high (a) and low (b)
luminance images without the luminaire as a function of eccentricity

In the low luminance image, no differences were found in contrast thresholds
between the images with change and without change for the targets at 20° and
30° eccentricities (nos. 21 and 22). However, lower contrast thresholds were
obtained for the targets at 60°, 10°, -20°, -30°, -45°, -60° in the background
image without luminaires than in the image with luminaires (Fig. 24). For target
number 7 at -10°, the contrast threshold is high relative to those for targets at
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other locations in the 10° field of view due to the luminance distribution of the
target surroundings. Target number 7 is surrounded by light spots and small
trees that look more complex compared to target number 17 which is located at
its symmetry. However, the contrast threshold for that target becomes higher in
the background with no luminaire. This cannot be attributed to low local lumi-
nance alone (which is 0.12 cd/m?2) since target number 4 at -20° has the same
background luminance.

There were almost no differences in the contrast thresholds between back-
grounds with luminaires and without luminaires in the high luminance images
for targets at 20°, 30° and 45° (nos. 20, 21 and 22) (Figure 24a). Also, the mean
contrast threshold values are almost the same at-10°, 0° and 10° eccentricities.
However, as with low luminance background images, the contrast thresholds
were lower at eccentricities 60°, 10°, -20°, -30°, -45° and -60° in the back-
ground image without luminaires (Figure 24b).

There were no differences in the contrast threshold between the targets with
uniform luminance surroundings in the 10° and 20° circular fields of view.
However, at low background luminances, contrast thresholds decrease for tar-
getsat 0° and 10° eccentricities (nos. 12 and 17) when luminaires and other light
spots were removed, contrary to results with high luminance background im-
ages. This can be attributed to higher visual sensitivity at lower adaptation lu-
minances.

It is difficult to detect the target located beside the closest luminaire in the 20°
field of view (number 14). The effect of removing the luminaire from the back-
ground can be seen for that target clearly. The rate of missed targets in that lo-
cation is also high (Table 5) relative to the other targets in the near periphery
(10° and 20° eccentricities). After removing the luminaire from the background,
luminance distribution becomes uniform, the contrast threshold decreased and
the rate of missed targets became zero. There is another target located near the
luminaire in the 20° field of view (number 13). However, the effect of removing
luminaires in that location can only be seen with the high luminance back-
ground.

Removing the high luminance objects from the background image in this study
did not affect the road surface luminances. However, it affects the contrast
thresholds for targets, mostly in the far periphery (-60°, -45°, 45° and 60°).
Statistical analysis also indicates that the effect of high luminance objects is sig-
nificant on peripheral target detection (#(998) = -5.04; p = 0.00).

4.3.3 Discussion

The control of the luminance and the location of the targets make laboratory
experiments more useful than field experiments. However, simulations of
night-time driving do not provide a high enough luminance range for real night-
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time driving conditions. Correspondingly, the experimental set-up was re-
stricted to stationary images taken from the road.

It was found that the luminance of the target according to its location (local lu-
minance) affects visual sensitivity, as expected. However, applying a night-time
driving image as the background indicates that the luminance distribution of
the area surrounding the targets also plays an essential role in peripheral target
detection rather than target eccentricity.

The contrast thresholds were lower for targets at the right periphery (20°, 30°
and 45°) compared to those at same eccentricities at the left periphery since the
luminance distribution of the background at the right periphery was uniform.
On the other hand, surrounding areas of the target locations at the left periphery
include trees in both backgrounds and small bright spots in the background with
luminaires. This indicates that luminance distribution of the immediate back-
ground affects the detection of targets in peripheral vision. Targets at the left
periphery have lower contrast thresholds in the background with no luminaires.

The luminance of the luminaire (in high luminance images) was 37 cd/m2,
which was quite low compared to real conditions. The luminance of that partic-
ular luminaire under real conditions would be more than 1000 ¢d/m?, which
the projectors used in the set-up could not possibly provide. Although the dif-
ference is extremely large, it was still possible to determine that it is difficult to
detect targets close to bright objects that cause disability glare. The missing rate
was higher for the target located above the luminaire, shown as number 14 in
Figure 18. It is assumed that the visual adaptation field will be affected by the
location of the glare source as well. The luminance level of the background was
adjusted by applying neutral density filters. However, the effect of the average
luminance of the background on the contrast threshold was not statistically sig-
nificant.

The contrast thresholds for targets in a 10° field of view were quite close to the
values obtained for the targets in a 20° field of view with the same background
luminance when excluding the targets surrounded by a more complex field. Vis-
ual sensitivity was also higher for targets with more uniform surroundings at
30° and 45° eccentricities at both luminances.

The effect of the average luminance of the background on the contrast detection
threshold was not significant based on the statistical analysis. Therefore, it is
not possible to comment on the extent to which the adaptation luminance level
affected the contrast detection threshold for a specific target location in the high
and low luminance images. However, if targets in the same field of view are con-
sidered, an effect of the target background luminance on contrast detection
threshold was found. A lower contrast detection threshold for the targets in the
10° and 20° fields of view along the road’s surface compared to targets not on
the road can be attributed to the local adaptation mechanism of the retina. Sim-
ilar contrast detection threshold values for targets with the same local back-
ground luminance in the 10° and 20° fields of view (target numbers 6 and 9, 5
and 8, 16 and 19) can also be attributed to the local adaptation effect. However,
contrast threshold values at-45°,-30°,-20°,-10° and 10°, which depend on the
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complexity of the surrounding area of the targets, can be attributed to a cogni-
tive mechanism which could make the target detection difficult even if the ad-
aptation level is same. The effect of the area surrounding the road on the con-
trast detection threshold should be attributed to a cognitive mechanism rather
than to the adaptation level.

In night-time driving conditions, defining the background luminance is not a
straightforward process since the visual fields are complex and have various lu-
minances. It will be more difficult to analyse background luminances in a mov-
ing scene where the presence and the effect of the objects change as the car
moves rather than appearing as a static image, as they did in the experiments.
In driving, objects are not static relative to the driver, in contrast to those in the
backgrounds applied in these experiments. However, the area surrounding the
road under real driving conditions, such as the flow of trees, buildings and signs,
may have a similar effect on the extent of the visual field. An increase in the
complexity of the background reduces a subject’s ability to detect targets. There-
fore, the extent of the visual field also depends on the area surrounding the road.
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5. Conclusions

The CIE system of mesopic photometry [2] includes methods for defining spec-
tral sensitivity and mesopic luminance between luminances from 0.005 cd/m?
to 5 cd/mz2. Defining the visual adaptation field in terms of its extent and shape
is an important goal in order to implement this system in outdoor lighting.

The Illuminating Engineering Society (IES) released a memorandum ‘TES TM-
12-12° in 2012 [42]. In this publication adaptation luminance is defined as ‘the
average luminance of the field of view, or in the case of local adaptation, of a
particular portion of the field of view’. ‘A particular portion of the field of view’
in this definition refers to the term ‘visual adaptation field’. Adaptation lumi-
nance defines the response of the visual system to the objects in the field of view.
As adaptation luminance increases, the contrast threshold decreases, resulting
in increased visual performance.

Boyce [3] states that the usual way of describing the state of adaptation is by
evaluating the luminance of the visual field to which the observer is adapted.
This is straightforward under laboratory conditions where the visual field can
be adjusted to be uniform. In this case, adaptation luminance can be considered
as the luminance of the uniform background. However, in real driving condi-
tions, the situation is different as the luminance values and luminance distribu-
tion of the visual field are constantly changing. There is no clear method to es-
timate adaptation luminance when the luminance of the visual field is non-uni-
form and the gaze direction of the driver is constantly changing. In this study,
both field and laboratory measurements were done to develop methods for es-
timating the field of view of which the luminance is to be used as the adaptation
luminance.

In the study of combining eye-tracking measurements with luminance data, the
visual scene areas with the highest density of gaze distributions were deter-
mined. The measured luminances for these visual scenes were used to form an
estimate of the adaptation luminance under different driving conditions in the
lit and the unlit sections of a rural road. The mean luminances of the estimated
fields were higher in the unlit section than in the lit section of the route for all
drivers. This was due to high-beam headlights that illuminated the road surface,
and the gaze points were concentrated on the unlit section. Moreover, variations
in the mean luminance as a function of distance diminished as the size of the
circular visual field increased.
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Conclusions

Experiments in laboratory conditions where it is possible to control background
luminance were conducted in order to obtain the effect of background lumi-
nance distribution and target location and target luminance on visual perfor-
mance. Reaction time and contrast threshold measurements were made to ana-
lyse peripheral target detection in uniform and non-uniform luminous back-
grounds. Under non-uniform background luminances peripheral target detec-
tion depends on the local luminance of the target and the luminance uniformity
of the surrounding area of the target. The results verify that each part of the
retina adjusts its sensitivity independently, which refers to local adaptation.
However, the complexity of the visual field also has an effect on visual sensitivity
in peripheral vision.

The visual adaptation field is expected to be affected by the surroundings of the
road in terms of both the luminance distribution and the objects and buildings
located in them. Further studies where road type, driving speed and discomfort
glare are taken into account are needed to define the visual adaptation field and
corresponding adaptation luminance in various driving conditions.
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7. Appendices

Appendices

Table 5. The mean value of the contrast threshold (CT) values for the targets for (a) low and (b)
high luminance levels with their numbers (no.) based on Figure 18 and corresponding locations
in terms of horizontal (h) and vertical (v) eccentricities. L, is the photopic luminance and Lmes is

the mesopic luminance of the 3° field of view wherein the target was imposed. Std. is the stand-

ard deviation for the mean value of contrast thresholds. Comp. is the ‘complexity of the 5° field
that surrounds the target location’. Miss is the percentage of missed targets.

Low luminance image

no. h (deg)
1 -60
2 -45
& -30
4 -20
5 -12
6 -12
7 -10
8 -6
9 -6
10 -2
11 0
12

13 1
14 0
15 6
16 6
17 10
18 12
19 12
20 20
21 30
22 45
23 60

Lo
(cdim?)

0.1
0.12
0.09
0.28
1.56
0.06
0.26

1.6
0.08

2.8

28
0.14
0.09
0.08
1.05
0.07
0.11
2.75
0.07
0.08
0.07
0.09

0.1

Lmes

(cdim?) std. comp.
0.13 0.79 0.25 0.65
0.16 0.71 0.26 0.30
0.12 0.46 0.17 0.39
0.34 0.72 0.26 0.58
1.67 0.19 0.08 047
0.08 0.3 0.08 0.13
0.32 0.52 0.18 0.71
17 0.17 0.05 0.83
0.11 0.3 0.1 0.32
2.9 0.12 0.07 0.59
2.9 0.08 0.03 0.70
0.18 0.43 0.16 0.75
0.12 0.22 0.08 0.86
0.11 0.6 0.29 0.92
1.15 0.61 0.19 0.92
0.1 0.24 0.1 0.50
0.14 0.56 0.19 0.38
2.85 0.33 0.19 0.76
0.1 0.24 0.16 0.25
0.11 0.21 0.07 0.25
0.1 0.29 0.1 0.10
0.12 0.28 0.11 0.10
0.13 1.01 0 0.16

(@)

miss
(%)

48.15
25.93

33.33

w
©O p O O O ©O ©o o o

N
(6]

3.85

16.67

o o o o

96.15
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High Luminance Image

52

no.

© o N O g »~ W N =

N N N N 2 a4 a4 a4 A
W N =2 O ©W O N O o WO N =2 O

-10

Lo
(cd/m?)
0.22
0.27
0.2
0.66
3.83
0.15
0.61
4.24
0.2
6.4
7
0.39
0.21
0.17
23
0.17
0.28
5.75
0.16
0.21
0.16
0.2
0.23

Lmes
(cd/m?)
0.27
0.33
0.25
0.75
3.89
0.19
0.7
4.28
0.25
6.4
7
0.46
0.26
0.21
2.41
0.21
0.34
5.75
0.2
0.26
0.2
0.25
0.28

CT

0.99
0.77
0.46
0.72
0.22
0.29
0.68
0.2
0.29
0.16
0.07
0.32
0.31
0.54
0.58
0.23
0.4
0.27
0.23
0.21
0.25
0.27

(b)

std.

0.08
0.28
0.25
0.27
0.13
0.14
0.22
0.15
0.1
0.1
0.03
0.09
0.15
0.29
0.23
0.11
0.26
0.13
0.18
0.07
0.1
0.2
0.03

comp.

0.68
0.31
0.36
0.60
0.44
0.11
0.70
0.81
0.38
0.86
0.76
0.73
0.87
0.95
0.91
0.49
0.36
0.77
0.21
0.22
0.08
0.26
0.15

miss
(%)

87.5
46.2

241

3.6
96.2




Appendices

Table 6. The mean value of the contrast threshold values (CT) in (a) low and (b) high luminance
conditions for the targets in the road scene with and without LED luminaires with their numbers
(no.) based on Figure 23. Corresponding locations are indicated in terms of horizontal (h) and
vertical (v) eccentricities. L is the luminance of the 3° field of view wherein the 1.5° target was
imposed. Std. is the standard deviation for the mean value of contrast thresholds. Miss is the

percentage of the missed targets.

Low luminance With LED Without LED
e (d:g.) (dog.) (ch/_mZ) G g n(1;/(:‘)s (chLmz) Cu Gk T':;i)s
1 -60 0 0.1 079 0.25 48.15 0.09 0.62 029 2414
2 -45 0 0.12 0.71  0.26 25.93 0.12 0.42 0.20 0.00
3 -30 0 0.09 046 0.17 0.00 0.08 0.30 0.07 0.00
4 -20 0 0.28 072 0.26 33.33 0.12 0.48 0.32 3.33
5 -12 -16 1.56 0.19 0.08 0.00 1.3 0.17 0.06 0.00
6 -12 16 0.06 0.30 0.08 0.00 0.06 0.26 0.09 0.00
7 -10 0 0.26 052 0.18 0.00 0.12 0.73 020 14.29
8 -6 -8 1.6 0.17  0.05 0.00 1.3 0.19 0.07 0.00
9 -6 8 0.08 0.30 0.10 0.00 0.07 0.27 0.12 0.00
10 -2 -20 2.8 0.12 0.07 0.00 24 0.09 0.05 0.00
11 0 -10 2.8 0.08 0.03 0.00 27 0.06 0.01 0.00
12 0 0 0.14 043 0.16 3.45 0.11 0.32 0.13 0.00
13 1 10 0.09 022 0.08 0.00 0.08 0.22 0.08 0.00
14 0 20 0.08 0.60 0.29 25.00 0.06 0.39 0.35 6.67
15 6 -8 1.05 061 0.19 3.85 0.93 0.41 0.14 0.00
16 6 8 0.07 024 0.10 0.00 0.06 0.21 0.06 0.00
17 10 0 0.11 056 0.19 0.00 0.1 0.44 0.19 0.00
18 12 -16 275 0.33 0.19 16.67 224 0.14 0.11 3.33
19 12 16 0.07 024 0.16 0.00 0.07 0.17 0.07 0.00
20 20 0 0.08 021 0.07 0.00 0.07 0.22 0.16 0.00
21 30 0 0.07 029 0.10 0.00 0.06 0.27 0.10 0.00
22 45 0 0.09 0.28 0.11 0.00 0.08 0.21 0.04 0.00
23 60 0 0.1 1.01  0.00 100.00 0.09 0.59 029 23.33
(a)
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High luminance With LED Without LED
e (d:g.) (dog.) (cd;-mZ) cT std. TP (cd;-m2) et s TP
1 -60 0 022 099 008 875 018 059 027  20.00
2 45 0 027 077 028 462 024 054 021 667
3 -30 0 02 046 025 74 017 034 011 000
4 20 0 066 072 027 333 026 049 021 333
5 A2 16 | 383 022 043 00 334 018 008 0.0
6 42 16 | 015 029 014 00 013 023 007 000
7 10 0 061 068 022 133 026 067 023 333
8 6 8 | 424 020 015 00 32 017 005  0.00
9 6 8 02 029 010 00 018 023 009  0.00
10 2 20 | 64 0416 011 238 612 009 005 000
11 0 10 7 007 003 00 632 007 002 000
12 0 0 039 032 009 00 026 032 019 000
13 1 10 | 021 031 015 00 019 022 008  0.00
14 0 20 | 017 054 029 241 014 031 012 000
15 6 8 23 058 023 36 211 041 015 000
16 6 8 017 023 041 00 015 019 009 000
17 10 0 028 040 026 00 022 040 019 333
18 12 16 | 575 027 013 429 53 016 009  0.00
19 12 16 | 016 023 018 00 045 017 007  0.00
20 20 0 021 021 007 00 019 047 005 000
21 30 0 016 025 010 00 014 024 009 000
2 | 45 0 02 027 020 36 018 024 011 000
23 60 0 023 100 003 962 019 069 029 3333
(b)




The aim of the study is to develop methods
for estimating the field of view of which the
luminance is to be used as the adaptation
luminance in implementing the CIE 191
system for mesopic photometry. This is
realised by applying methods such as
combining eye-tracking data with
corresponding luminance data and
analysing peripheral target detection under
uniform and non-uniform luminous
backgrounds. In the study of combining eye-
tracking measurements with luminance
data, the visual scene areas with the highest
density of gaze distributions were
determined. Experiments in laboratory
conditions were conducted in order to
obtain the effect of background and target
location and its luminance on visual
performance. The results verify that each
part of the retina adjusts its sensitivity inde-
pendently, which refers to local adaptation.
However, the complexity of the visual field
also has an effect on visual sensitivity in
peripheral vision.
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