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Abstract

Direct sunlight and reflections from buildings and ground surfaces create multi-source
highlights in high-density built environments, potentially affecting outdoor visual safety
and spatial use. This integrative review synthesizes daytime outdoor glare research in terms
of physical characteristics, observer effects, and assessment methods. Solar movement,
surface reflection, spatial obstruction, and observer movement jointly alter the intensity,
direction, scale, and number of bright regions. Outdoor glare is therefore high-luminance,
multi-source, non-uniform, and time-varying, occurring as concentrated, continuous-area,
and discrete-patch highlights. Evidence indicates that outdoor glare causes visual dis-
comfort, impairs target recognition, and may induce immediate behavioral adjustments.
However, studies focus mainly on static viewpoints, short-term perception, and driving
tasks, with limited direct observation of spatial-use outcomes such as dwell time, detouring,
and location choice. Current assessments identify potential exposure through geometric-
path analysis or quantify glare stimuli using established indices and extended models.
Some metrics support relative comparisons within specific settings but cannot simultane-
ously characterize spatial reachability, stimulus intensity, dynamic exposure, and observer
responses. Future research should develop hierarchical, type-specific dynamic assessment
methods based on glare source, spatial scale, and visual task to inform building-envelope
design, material selection, and outdoor glare-risk control.

Keywords: daylight glare; outdoor glare; glare assessment; high-luminance sources;
built environment

1. Introduction

As the built environment continues to evolve, high-density development and mixed-
use functions have become defining characteristics of the spaces in which people conduct
their daily activities [1]. The intensification of spatial form, together with continuing
advances in building materials and construction technologies, has substantially altered the
luminance structure and spatial distribution of daytime outdoor light environments [2].
Increases in building height and massing, combined with narrower street spaces, make
direct sunlight and its reflections from building and ground surfaces more likely to enter
the fields of view of pedestrians and drivers [3]. Meanwhile, the widespread use of
highly reflective glass curtain walls [4], metal fagades [5,6], new paving materials, and
photovoltaic installations has further increased the number and spatial extent of potential
intense reflection sources in built environments.
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In built environments, direct sunlight is a high-intensity natural light stimulus that
persists throughout the daytime outdoor environment [7] and coexists spatially with bright
reflected regions produced by highly reflective built surfaces. Consequently, daytime
outdoor light stimuli are characterized by high luminance levels, diverse sources, and
pronounced directionality, and glare is widely distributed across urban roads, public
spaces, and pedestrian environments. Solar trajectories, street orientation, and building
obstructions can also cause bright stimuli to recur at specific locations and times, resulting
in marked spatiotemporal specificity [2,3].

In daytime outdoor built environments, glare generally refers to interference with
visual function or visual comfort caused by bright stimuli within the field of view and
is commonly classified as disability glare or discomfort glare [7]. Previous studies have
shown that direct sunlight and building reflections can cause subjective discomfort ranging
from perceptible to disturbing and can also impair target recognition and environmental
judgment [8,9], thereby affecting urban traffic safety [10] and visual comfort in public
spaces [11].

Compared with indoor or nighttime lighting conditions, the causes and manifestations
of daytime outdoor glare are more complex. Bright stimuli may originate from direct
sunlight at low solar altitudes or from specular and semi-specular reflections produced
by building fagades, pavements, water surfaces, and other interfaces. Under natural-light
conditions, the intensity and direction of bright stimuli change continuously with solar
position, spatial obstructions, and observer movement [12]. Urban outdoor spaces also
accommodate driving, walking, and public interaction, requiring individuals to perceive
their surroundings and make decisions while moving continuously [13]. Crash statistics
and retrospective studies have identified an association between daytime solar glare and
the risk of fatal pedestrian injury [14]. Under low-solar-altitude conditions in the morning
and evening, approximately 40% of urban roads may be exposed to solar glare during
specific periods, while the associated crash risk varies with road orientation and obstruction
conditions [15].

Although glare research has established a relatively mature theoretical foundation
and assessment system [16], systematic assessment methods specifically developed for
daytime outdoor settings in built environments remain inadequate [17]. Recent studies
have further identified limitations in existing assessment criteria, perceptual validation, and
cross-context applicability [18,19]. These limitations restrict the effective quantification and
management of complex outdoor-glare risks and hinder the development of evidence-based
strategies for urban design and safety management.

Accordingly, this study adopts an integrative review approach to systematically exam-
ine research on glare in daytime outdoor built environments, focusing on three questions:
What are the luminance characteristics, spatial geometry, and forms of daytime outdoor
glare? How does glare exposure affect observers’ subjective perception, visual function,
and spatial behavior? What aspects can existing geometric-path and glare-index methods
assess, and what are their boundaries of applicability? This review aims to connect the
physical characteristics of glare, its effects on observers, and available assessment methods;
clarify the scope and limitations of the existing evidence; and provide a research foun-
dation for assessing glare risks associated with building form, reflective materials, and
outdoor spaces.

2. Methodology

Because relatively few studies have directly focused on the assessment of daytime
outdoor glare in built environments, and most have discussed direct or reflected glare
separately, the available literature is highly heterogeneous in terms of scenario configura-
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tion, task constraints, metric systems, and data-acquisition methods. This heterogeneity
makes standardized effect-size extraction and statistical synthesis difficult. Given these
characteristics, this study adopted an integrative review approach [20] to synthesize the
physical characteristics, observer effects, and assessment methods of daytime outdoor glare
and to examine the relationships among different research approaches and their boundaries
of applicability.

The literature search focused on the environmental characteristics, observer effects,
and assessment methods of daytime outdoor glare. Search terms covered glare types,
application settings, physical parameters, and assessment techniques, including “glare”,
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“daytime glare”, “outdoor glare”, “solar glare”, “reflected glare”, “discomfort glare”, “dis-
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ability glare”, “glare evaluation”, “luminance”, “contrast”, “veiling luminance”, “HDR
imaging”, and “luminance mapping”. These terms were combined using Boolean opera-
tors with scenario-related terms and their synonyms concerning building fagades, roads,
public spaces, pedestrians, and driving. The databases searched were the Web of Science
Core Collection and Google Scholar, with coverage extending through September 2026.
To identify studies potentially missed by the interdisciplinary search, backward reference
searching and forward citation tracking were also conducted for the included studies and
relevant reviews. The evidence synthesis primarily included peer-reviewed journal articles
published in English. Conference papers were retained when they provided complete
descriptions of research methods, scenario conditions, or measured data. A limited number
of standards, monographs, dissertations, and technical reports were additionally included
to clarify glare definitions, the origins of assessment metrics, and standard requirements;
however, they were not treated as primary evidence of the effects of outdoor glare.

Following the initial search, titles and abstracts were first screened for relevance,
and studies clearly unrelated to the review topic were excluded. Full texts were then
examined and reassessed according to the study object, glare-source type, research setting,
assessment metrics, and principal findings. Full-text screening involved three authors
with relevant research backgrounds. Disagreements between the primary reviewers were
resolved through discussion and, when necessary, adjudication by the third author.

According to the literature-selection criteria established for this review, the following
types of studies were excluded:

e  Studies focusing solely on glare under indoor lighting conditions or in nighttime
lighting scenarios;

e  Daylighting-performance studies that did not treat glare perception or glare evaluation
as a central research question;

e  Studies focusing primarily on light pollution or macro-scale impacts of the light
environment, such as ecological effects and night-sky brightness;

e  Studies discussing only the optical properties or reflectance parameters of materials
without addressing glare exposure, visual responses, or glare-evaluation metrics.
The remainder of this paper is organized as follows. Section 3 examines the luminance

characteristics, spatial geometry, and forms of daytime outdoor glare. Section 4 analyzes its

effects on visual function, perceived discomfort, and spatial behavior. Section 5 reviews as-

sessment methods based on geometric paths and mathematical models. Section 6 discusses

the limitations of existing research, design applications, and future research directions and

summarizes the main conclusions.

3. Characteristics of Daytime Outdoor Glare
3.1. Luminance of Outdoor Glare

Daytime outdoor glare is characterized by high luminance levels and differences of
several orders of magnitude among different sources. Direct sunlight has an extremely
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high peak luminance concentrated within a small angular extent, making it the most in-
tense natural glare source in outdoor environments [7,17]. Although the luminance of
building reflections is generally lower than that of the solar disc itself, specular glass,
polished metal, and photovoltaic cover glass can concentrate solar radiation in specific
directions, producing intense localized bright stimuli [9,13,21]. Using HDR images for
field measurements of a specular-glass building, Suk et al. found that the luminance of
facade-reflection hotspots ranged from 16,412 to 258,000 cd/ m?2 [9]. Photographic lumi-
nance measurements of photovoltaic modules showed that luminance in non-glare regions
was approximately 10% cd/m?, whereas the center of a specular glare spot could exceed
10® cd/m? [21]. By contrast, rough surfaces such as ordinary concrete are dominated by
diffuse reflection, which distributes reflected light over a larger solid angle and generally
produces broad bright regions with relatively low peak luminance [22,23]. Relevant values
and measurement conditions for different material surfaces are presented in Table 1, and
typical reflection patterns are illustrated in Figure 1.

Table 1. Reflectance and luminance characteristics of outdoor reflective interfaces.

Material

Reflectance Measurement or Calculation

Interface Characteristics Value Value Type Conditions Reference
Building facade Strongly d1rect19na1 Reflected On-site measurement of an
. specular reflection, 16,412-258,000 e
with specular . . 2 hotspot actual building in Los Angeles [9]
producing localized cd/m . . . .
glass . . luminance using HDR imaging
high-luminance spots
Performance . .
. . Simulation under low solar
glass with . . Equivalent . .
approximatel Coexistence of specular ~ Approximately veilin elevation at the winter [24]
ppo maey and diffuse reflection 1100 cd /m? ng solstice, based on a road
10% visible luminance . o
observation position
reflectance
Low-reflectance . o
e N L . Equivalent The same solar position and
glass with visible Directional reflection is Approximately o . .l
2 veiling road observation position as [24]
reflectance below suppressed 500 cd/m . . . o
59, luminance in the previous condition
Cover-surface reflection, .
Non-glare area of . L o . Module Image-based luminance
. with the viewing direction =~ Approximately :
a photovoltaic L 3 2 surface measurement targeting the [21]
deviating from the 10° cd/m .
module L luminance non-glare area of the module
specular direction
Center of a Highly concentrated Image-based luminance
photovoltaic- specular reflection with 3 s Local peak measurement with the
. >10° c¢d/m . .. . [21]
module glare pronounced luminance luminance viewing direction close to the
spot gradients specular direction
Near-specular reflection, Spectral reflectance
Polished with reflected energy Integrated P .
. i measurement of stainless steel
stainless-steel concentrated within a 0.67-0.68 solar . . [25]
. . followed by integration over
interface narrow range of outgoing reflectance
the solar spectrum
angles
. Spectral measurement of a
Strong specular reflection, .
Metal-coated SR . metal-coated polyester mirror
maintaining high Average solar . .
specular 0.85 film for a scaled experiment [26]
. reflectance even at large reflectance . . . . S
interface . involving a high-rise building
angles of incidence
facade
Rough surface dominated
. . . Solar-spectral reflectance
Ordinary newly by diffuse reflection; measurement or on-site
constructed reflected energy 0.35-0.40 Solar albedo [22,23]
I albedo measurement of
concrete distributed over a large

. concrete surfaces
solid angle
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Table 1. Cont.

Material Reflectance Value Value Tvpe Measurement or Calculation Reference
Interface Characteristics P Conditions
relg:iio;?lﬂiﬁ?;’riﬁzfsn Measurement of naturally
Aged concrete ’ ! 0.20-0.30 Solar albedo exposed or aged concrete [23]

wear, and aging reduce
overall reflectance

surfaces

On-site measurement of

Ordinary cement Predominantly diffuse 0.18-0.35; cement-concrete pavements
concrete with reflection, affected by average . . P
. . . In situ albedo using an upward- and [27]
different mix cement type, aggregate, approximately - . .
. o downward-facing radiometric
designs and surface condition 0.26
measurement system
Predominantly diffuse Spectral measurement over
reflection with relatively 300-2500 nm of
High-reflectance high overall reflectance, 0.27-0.60 Solar albedo precast-concrete specimens (28]
precast concrete but generally without ' ' with different colors, mix
concentrated specular designs, and surface
highlights treatments

N Y

Y \
AP B

Ideal diffuse Directional Rough Ideal specular
diffuse specular

(8)

Figure 1. Typical solar-reflection patterns at different material interfaces: (a) specular-glass building
facade; (b) low-reflectance glass; (c) building photovoltaic modules; (d) polished stainless-steel
fagade; (e) metal-coated specular interface; (f) concrete interface; and (g) typical directional reflection
distributions of building-material surfaces.

Differences in the luminance produced by different materials essentially reflect dif-
ferences in the directional distribution of reflected energy. A material’s solar reflectance
represents the overall proportion of incident radiation that is reflected but does not directly
indicate luminance in a specific viewing direction. The integrated solar reflectance of
polished stainless steel can reach 0.67-0.68 [25], overlapping with the albedo range of some
highly reflective concrete surfaces, although the two materials produce distinctly different
luminance distributions. Polished metal concentrates a greater proportion of reflected
energy within a narrow specular direction and can therefore produce localized bright spots
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at specific observer positions. Concrete disperses reflected energy across multiple directions
and is less likely to generate directional peaks of comparable intensity [22,23,26-28].

Surface treatment and surface geometry also alter the directional distribution of re-
flected light. Polishing generally increases the specular component, matte and textured
treatments can disperse reflected light, and concave surfaces may concentrate it within
localized spaces [26]. However, these effects depend on the angle of incidence and viewing
direction. Photovoltaic glass may still produce strong directional reflections at large angles
of incidence [29,30], while reflective pavement coatings are not ideal diffuse reflectors and
may contain both diffuse and specular components [31]. Glare risk therefore cannot be
determined solely from overall reflectance or surface roughness. The actual luminance of a
material surface should be evaluated in relation to its directional-reflection characteristics,
the direction of solar incidence, surface geometry, and observer position.

Building surfaces that produce reflections also exhibit pronounced luminance non-
uniformity. Solar reflections generally cover only localized portions of a facade, creating
substantial luminance gradients among specular hotspots, transition zones, and non-
reflective areas. Glazing units, assembled metal panels, reflective louvers, and photovoltaic
arrays may also generate multiple discrete bright spots, causing luminance on the same
surface to span several orders of magnitude [21,32,33]. Under these conditions, peak
luminance can identify the strongest local stimulus but cannot represent the spatial extent
of the bright region. Conversely, area-average luminance can characterize the overall
level of the surface but may conceal the local peaks that actually cause glare. Comparative
experiments using uniform and non-uniform light sources have further shown that different
internal luminance distributions can produce different levels of discomfort glare even
when their average luminance is identical [34]. Descriptions of outdoor-glare luminance
should therefore jointly consider peak luminance, area-average luminance, the range of
internal variation, and the angular area of bright regions to represent the actual luminance
conditions and non-uniform characteristics of reflecting surfaces.

3.2. Spatial Geometry of Outdoor Glare

Daytime outdoor glare is not determined solely by the physical properties of high-
luminance sources. Its formation and effects also depend on how light propagates through
the built environment and on the relative positions of high-luminance sources and ob-
servers. When solar radiation reaches building and ground interfaces, its reflection is jointly
influenced by interface orientation, surface inclination, building form, and surrounding
obstructions, producing reflected light with different directions and spatial extents. Once
these reflections reach the observer’s location, their visual effects vary with viewing dis-
tance, gaze direction, position within the visual field, and the size of the high-luminance
region. Accordingly, the spatial geometry of outdoor glare involves two continuous but
distinct processes: first, the generation and propagation of high-luminance reflections
through the environment; and second, the spatial manifestation of high-luminance regions
after they enter the observer’s field of view (Figure 2).

The surface geometry of building envelopes alters the normal direction at each point
and thereby determines the propagation direction, coverage, and concentration locations of
reflected light, making it an important component of glare formation geometry. Planar spec-
ular surfaces have relatively consistent surface normals, so reflected sunlight is generally
directed toward a concentrated spatial direction. Convex surfaces have outward-varying
normal distributions that disperse reflected light over a larger surrounding area, whereas
concave surfaces may cause reflected rays from different locations to converge within a
localized space, forming caustic lines or high-intensity reflection zones [8,26,35].
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Figure 2. Spatial-geometric characteristics of the daytime luminous environment in the built environ-
ment. (a) Generation and propagation of high-luminance reflections [2], where the red lines indicate
the incident and reflected paths of sunlight; (b) Spatial relationship when high-luminance areas enter
the observer’s field of view [24].

A comparison of planar, convex, and concave high-rise building models by Speroni
et al. showed that, within a pedestrian-level measurement area of 6H x 1.5H, irradiance
along reflected-light paths was 40-60% higher than in unaffected areas, while increases
of 100-130% occurred at some edge-concentration locations [26]. Brzezicki’s analysis of
caustic lines similarly demonstrated that surface curvature alters both the locations at
which reflected light reaches surrounding spaces and the degree of its concentration [35].
The resulting differences are manifested not only in reflection intensity but also in changes
in the position, scale, and boundaries of glare-affected areas.

The effects of formation geometry also vary with the type and scale of human activ-
ity space reached by reflected light. In building-adjacent spaces, glare generally results
from reflections cast by a single fagade, entrance, or localized curved surface onto nearby
ground areas and dwell locations, producing a relatively concentrated affected area. At the
scale of streets and urban canyons, building height, street width, surface orientation, and
obstructions on both sides jointly determine whether reflected light can reach sidewalks,
carriageways, and buildings on the opposite side. Through ray-tracing analysis, Shih and
Huang found that curtain-wall configuration, street width, period of solar exposure, and
surrounding obstructions jointly alter the boundaries of areas affected by glass-curtain-wall
reflections [8,36].

In open spaces such as plazas, reduced sky obstruction allows multiple building
surfaces and ground pavements to produce bright reflections from different directions,
expanding the affected area from a single light path to a combination of multiple reflection
zones. When the direction of reflection aligns with a road or pedestrian route, the glare
effect further expands from a localized space to continuous exposure along the route. At
the street scale, Lee et al. analyzed 238 glass-curtain-wall buildings and 69 observation
locations and found that the effects of solar altitude, building height, and fagade tilt angle
on reflected exposure varied with street orientation [3]. Reducing building height did not
always mitigate exposure. Under some low-solar-altitude conditions, a lower building
weakened the obstruction provided by buildings on the opposite side and could instead
increase the likelihood that reflected light would reach observer locations. This finding
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indicates that the effects of building scale must be evaluated in relation to street orientation
and mutual obstruction rather than inferred solely from building height or fagade tilt angle.

Glanville et al. simulated a 25 m-wide building facade and an adjacent road and found
that reflected light at low solar altitudes could propagate along the road, exposing drivers
to a potential risk of disability glare over part of their approach to the building [24]. At
the larger urban-block scale, multiple buildings, different street orientations, and various
reflecting surfaces may produce dispersed high-risk locations whose occurrence changes
with the solar trajectory. Increasing spatial scale therefore not only expands the compu-
tational domain for reflected light but also transforms glare from a localized bright spot
into spatial exposure associated with stationary activities, walking, cycling, and driving.
Typical environments at different scales of human activity space are illustrated in Figure 3,
while their principal formation conditions and glare-related differences are summarized in
Table 2.

Table 2. Formation conditions and differences in outdoor glare across different spatial scales of
human activity.

Spatial scale Typical Spatial Dominant Formation Typical Observers and Outdoo.r (?lare
of Human A Characteristics and Reference
. . Extent Geometry Activities .
Activity Differences
g A single fagade or Pedestrians at entrances The impact range is
Building- . . . -
. Approximately localized curved surface and exits, people staying ~ concentrated; curved or
adjacent . o . [9,35]
1-20 m reflects light toward outdoors, and users of inclined interfaces may
spaces . . g . .
adjacent areas adjacent buildings produce localized focusing
Facades on both sides Reflection directions are
reflect light toward the influenced by street
Streets and Approximately ro.ad. and 0pp051‘te Pedestrians, cyclists, and enclotqure, making glare
urban buildings; reflection . more likely to occur along [8,37]
10-100 m . drivers o
canyons paths are constrained by specific street segments
street form and and during specific
obstructions periods
Surrounding fagades, People staying in the The numb'er and Ymble
. Tens to - e ) range of high-luminance
Public open paving, and facilities space, pedestrians, and -
hundreds of e e . . sources are relatively large; [26]
spaces produce multidirectional participants in public . .
meters . L their effects vary with
reflections activities iy . .
position and orientation
Roads and Hundreds to Reflected-light paths . . Glalje appears, intensifies,
. . Drivers, cyclists, and persists, and disappears as
continuous thousands of overlap with movement . [24,38]
.. pedestrians observers move through
activity paths meters paths
space
Urban blocks Hundreds to different street People across different space and t}i’me
thousands of orientations form a street segments and p ’ [38,39]

and districts

meters

network of reflection
paths

public spaces

concentrating around
specific buildings, street
segments, and periods

Once reflected light reaches the area occupied by an observer, its effect depends on the
position and scale of the bright source within the field of view. In this review, this level of
spatial relationship is defined as observer geometry. Figure 2b illustrates the relationships
among the sun, the reflecting surface, and different observer positions. Observer movement
changes the angle between the reflected light and the line of sight, causing the same bright
surface to be invisible, visible in the peripheral field, or located near the visual axis at
different positions. Whereas formation geometry concerns whether light can reach a
particular space, observer geometry concerns how a bright stimulus that has reached that
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space enters the observer’s field of view. It is primarily described by viewing distance,
viewing direction, glare-source eccentricity angle, solid angle, and visual-field orientation.
Existing glare models have been developed mainly for the latter type of spatial relationship.
Figure 4 illustrates the solid angle subtended by the glare source and its angular position
within the visual field; definitions of the relevant geometric quantities and representative
evaluation equations are provided in Appendix A.1. Hopkinson found that discomfort
glare varied with the angle between the glare-source direction and the line of sight [40]. On
this basis, Luckiesh and Guth proposed the position index to represent the relative position
of a light source within the visual field [41]. Hopkinson and Petherbridge subsequently
incorporated the position index into a glare-index model to predict discomfort using source
luminance, background luminance, solid angle, and position within the visual field [42].
Subsequent discomfort-glare models have largely retained this general formulation [43-46].

Figure 3. Typical built environments at different spatial scales of human activity: (a) building-adjacent
spaces; (b) streets and urban canyons; (c) public open spaces; (d) roads and continuous activity paths;
and (e) urban blocks and districts.

Unlike observer geometry, which has been incorporated into existing glare models
through eccentricity angle, solid angle, and position index, formation geometry has not yet
been represented by a unified quantitative framework. Existing studies have incorporated
building height, facade tilt angle, street orientation, and obstruction relationships into
reflected-exposure analyses and have begun to compare the combined effects of these
factors [3,39]. However, their effects and correspondence with risk categories remain
dependent on the specific model, viewing direction, and scenario configuration. It is
therefore difficult to establish a quantitative representation that supports direct comparisons
across spatial scales and maintains a stable relationship with observer responses.

The effects of individual factors also vary with spatial scale. Local curvature and
tilt angle influence the concentration of reflected light near buildings; street morphology
and obstructions determine the propagation range of light; path orientation affects the
distance over which glare persists; and urban-block layouts control the spatiotemporal
distribution of risk. Results obtained for a single building or observation point cannot be
directly extrapolated to other spatial scales. The assessment of formation geometry must
therefore be conducted in relation to the specific space and its dominant factors.
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Light source
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(9

Figure 4. Observer geometry. (a) Solid angle of the glare source, w; distance from the eye to the
center of the source, r; and angle between the source direction and the horizontal line of sight,
«. (b) Horizontal position angle of the source, o, and angle between its direction and the vertical
direction, 1. (c) Changes in observer geometry for reflected glare caused by solar movement.

3.3. Forms of Outdoor Glare

Daytime outdoor glare does not exhibit a uniform form within the field of view.
By synthesizing the approaches used in previous studies to identify the sun, building
reflections, photovoltaic surfaces, and non-uniform light sources, this review classifies
bright regions into three basic forms according to their boundaries, scale, number, and
degree of continuity: concentrated highlights, continuous-area highlights, and discrete-
patch highlights [9,13,32,35,47,48]. This classification is not an established typology in
existing glare standards but a synthesis of different outdoor high-luminance structures. In
actual built environments, the three forms may coexist, producing a composite luminance
field composed of local peaks, large-area bright surfaces, and multiple discrete reflection
patches [9,13,32]. Compared with luminaire sources that have clearly defined boundaries
and relatively stable dimensions, outdoor bright regions are jointly influenced by solar
direction, surface geometry, material reflection, and observer position. Their form and
position within the field of view therefore vary across time and space, as illustrated in
Figure 5 [35,48].

Direct sunlight is a typical form of concentrated highlight, characterized by a small
angular extent and extremely high peak luminance. When it enters the field of view, it
produces a pronounced local luminance discontinuity [7,17]. Specular reflections from glass,
polished metal, and building-integrated photovoltaic surfaces may also form small bright
spots, although their position, size, and duration are constrained by the direction of solar
incidence and observer geometry [9,13,21]. This form of glare is characterized primarily by
reflected energy concentrated within a small angular extent rather than by a large affected
area. Geisler-Moroder and Knoflach noted that DGP is particularly sensitive to small but
extremely bright sources, such as the sun and specular reflections. Its calculation is also
affected by the scale used for source identification and by image resolution, requiring a
minimum solid-angle correction that varies with the source position in the field of view [48].
Using only the surface-average luminance to describe concentrated highlights may conceal
local peaks, whereas an excessively large source-identification threshold may omit small
but extremely bright reflected spots.
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Figure 5. Common forms of daytime outdoor glare in the built environment. The red boxes highlight
specific areas on the building facade that correspond to the glare forms shown in the figure.

Continuous-area highlights are produced primarily by large glass curtain walls, light-
colored facades, highly reflective pavements, or bright skies. Although their peak lumi-
nance may be lower than that of direct sunlight, these bright regions can occupy a large
angular extent and expose observers to a persistently high-luminance background [49,50].
A continuous bright area is not necessarily uniform in luminance; actual building surfaces
often contain luminance gradients, local peaks, and distinct boundaries between bright
and dark regions. Relevant studies have shown that the local background, internal lumi-
nance distribution, and shape of a large-area source can alter glare perception. Its visual
effects therefore cannot be fully described using only the total solid angle and average
luminance [32,34,49]. Representing an entire surface as a single uniform source preserves its
total area and average luminance but eliminates internal luminance differences, making it
difficult to distinguish a uniformly bright surface from an intense local reflection embedded
within a darker surface.

Facade subdivisions, shading devices, partial obstructions, and multiple reflective
surfaces can cause outdoor glare to appear as discrete patches or array-like structures.
Studies of multiple and non-uniform light sources indicate that several bright regions
may be adjacent and perceived as a single entity or dispersed across different positions in
the field of view, forming multiple potential glare centers [32,34,46,47]. Experiments with
non-uniform sources have further shown that a point-array source composed of multiple
bright elements may cause greater discomfort than a uniform source with the same average
luminance, indicating that the spatial arrangement of bright elements cannot be fully
represented by total area alone [32,34]. The effects of multi-source glare may also depend
on the number of patches, their angular spacing, arrangement direction, and degree of
clustering. Combining adjacent patches into a single source may enlarge the equivalent
area and reduce the average luminance, whereas calculating them entirely separately may
overlook their perceptual integration.

4. Effects of Outdoor Glare

The effects of outdoor glare on observers are manifested primarily as visual discomfort
and impaired visual function. The CIE defines glare as a visual condition in which an
unsuitable distribution or range of luminance, or extreme contrast, causes discomfort,
reduces the ability to recognize important objects, or produces both effects [51]. Accordingly,
glare is generally classified as discomfort glare or disability glare. The former describes
the discomfort and acceptability associated with bright stimuli, whereas the latter occurs
when veiling luminance produced by intraocular scattering reduces target contrast and
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recognition performance [52,53]. In this review, the impact process is summarized in three
interrelated stages: physical stimulus, glare sensation, and perception and judgment. As
illustrated in Figure 6, scene luminance, contrast, and spatial geometry constitute the
external stimuli; the visual system produces corresponding responses; and the observer
forms a judgment based on adaptation state, visual task, and environmental context.

Causal pathway

Physical stimulus —~ ~ Evaluation pathway
(propagation Information

pathway and form) integration
Physical stimulus Glare Glare perception
in a visual scence | _ _ _ _ _ ___ sensation and recognition
Physiological
response

Subjective perceptual feedback
Figure 6. Glare perception pathway.

4.1. Visual Function and Task Performance

The effect of daytime outdoor glare on visual function is manifested primarily as a
reduction in the effective contrast of visual targets. Bright stimuli produced by direct sun-
light and reflections from buildings, ground surfaces, and windshields generate equivalent
veiling luminance through intraocular scattering, making target outlines and details more
difficult to distinguish. The magnitude of this effect depends on target characteristics. High-
contrast targets can generally still be recognized, although additional time may be required,
whereas low-contrast or small targets and those located against complex backgrounds are
more likely to be missed. Age-related increases in intraocular scattering and reductions in
visual sensitivity can further amplify these effects [54,55].

Impaired visual function can subsequently affect continuous movement tasks. When
the low-angle sun is close to the direction of travel, pedestrians, vehicles, traffic signs, and
road obstacles may temporarily lose visibility within a limited viewing distance, causing
recognition delays that result in insufficient time for steering, avoidance, or braking. Glare-
induced task interference is also strongly directional and stage-dependent, with its effects
often concentrated along specific road orientations, at intersections and turning points,
and during limited periods around sunrise and sunset. Observers may compensate by
reducing speed or redirecting their gaze, but the degree of compensation varies among
individuals and cannot fully eliminate the safety risks associated with the loss of visual
information [10,55]. Eye-tracking and traffic-sign recognition experiments conducted on
actual roads have further linked solar-glare exposure to the attenuation of available sight
distance, providing quantitative evidence of visual effects under specific driving tasks [56].
Table 3 summarizes representative evidence concerning the effects of daytime outdoor
glare on target detection, driving operations, and crash outcomes.

Existing studies have demonstrated the effects of outdoor glare at three levels: visual
recognition, operational responses, and crash outcomes. However, the relationships among
these levels have not been adequately validated across different spaces, light-source types,
and observer tasks. Longer reaction times do not necessarily result in crashes, changes in
speed may include active driver compensation, and crash severity cannot be used to directly
infer losses in visual function. Existing evidence has primarily focused on drivers and low-
angle sunlight, while windshield reflections, simulation experiments, and traffic-crash data
represent substantially different exposure conditions. By contrast, direct measurements
remain limited regarding the effects of glare from building facades, photovoltaic surfaces,
and highly reflective ground surfaces on the visual tasks of pedestrians, cyclists, and people
remaining in outdoor spaces. Although the visual effects of daytime outdoor glare have
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been broadly established, their effect thresholds, duration, and variations across different
spatial and population conditions remain unclear.

Table 3. Effects of daytime outdoor glare on visual function and task performance.

Daytime Outdoor Context and

Glare Condition Evaluation Measures Main Findings Reference
Daylight-induced reflection of the . . High-contrast targets mainly showed delayed
. . Pedestrian-detection . . .
dashboard on the windshield, . . ) responses, whereas missed detections increased [54]
. . . reaction time; miss rate
producing veiling luminance for low-contrast targets
Intersection turning under Safe turning time; number Solar g.l are shorte':ned the safety argis retained
. . . by drivers and increased collisions; the effects [55]
simulated low-angle sunlight of collisions .
were more pronounced among older drivers
Speed variability increased under glare
Low-angle solar glare under Vehicle speed; speed conditions, with the extent of the increase
. 4 . R . . . [10]
different road orientations variability moderated by road orientation and traffic
demand
Solar glare was associated with the risk of
Daytime pedestrian crashes in Pedestrian-crash fatality pedestrian fatalities, which was also influenced [14]
Taiwan, 2003-2016 outcomes by road, vehicle, age, and driving-behavior
factors
An estimation method for available sight
Driver gaze distribution, distance under glare conditions was developed
Direct-sun glare on a two-lane traffic-sign recognition based on eye-tracking and traffic-sign 56]

highway

distance, and attenuation
of available sight distance

recognition experiments; the results are
applicable to the road and task conditions

examined in the study

4.2. Perceived Discomfort and Environmental Evaluation

Compared with impaired visual function, perceived discomfort depends not only on
the intensity of bright stimuli but also on the directionality of reflection, the boundaries of
bright regions, the observer’s position, and individual judgment. Concentrated and sharp
specular reflections are more likely to cause glare and avoidance, whereas large-area bright
surfaces may reduce overall visual comfort by occupying a substantial proportion of the
field of view, further affecting spatial legibility and environmental acceptability [9,57-60].
Outdoor glare perception is primarily measured using glare categories, comfort ratings,
and multidimensional questionnaires. Glare categories determine whether a stimulus
reaches perceptible, disturbing, or intolerable levels; comfort scales reflect the overall visual
experience; and multidimensional questionnaires extend the assessment to sensitivity,
disorientation, and avoidance tendencies. Table 4 summarizes the scale formats and main
findings reported in relevant studies.

The rating scales used in existing studies are not standardized, and different in-
struments vary in their evaluation targets, number of response categories, and semantic
anchors. Glare-category scales emphasize the immediate disturbance caused by bright stim-
uli, comfort scales encompass broader environmental experiences, and multidimensional
questionnaires may additionally incorporate thermal sensation, architectural preferences,
and psychological responses. Directly comparing these results may introduce semantic
inconsistencies in the interpretation of glare and systematic shifts in assessment outcomes,
thereby reducing comparability across studies.

The available evidence also has spatial and behavioral limitations. Field surveys are
generally concentrated at a small number of observation locations, image-based ques-
tionnaires do not reproduce actual luminance conditions or dynamic exposure, and some
studies have applied different statistical methods to the same or related datasets, leaving a
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limited body of independent evidence. Existing findings indicate that building reflections
affect perceived discomfort and environmental appraisal, but they do not yet adequately
explain how discomfort emerges, intensifies, and subsides across continuous space.

Table 4. Methods for assessing perception and environmental evaluation of reflected daytime

outdoor glare.

Scenario Assessment Dimensions Scale or Instrument Main Findings Reference
Pedestrians around . Four—catggory glare scale; Percepzlble glare was report?d
. 1 Glare and visual comfort  seven-point comfort scale by 36.6% of respondents, while [9]
reflective buildings . o . .
ranging from —3 to +3 13.4% reported disturbing glare
Different reflective Reflection characteristics Glare categories and Reflectance and specularity [60]
materials and visual discomfort comfort ratings jointly affected discomfort
Areas surrounding Structured multi-item Fagade reflections were
reflective buildings in ~ Sensitivity and avoidance . . associated with pedestrian [57]
questionnaire . .
Kuala Lumpur visual comfort and avoidance
A related dataset e Multi-item questionnaire lefgrent statistical models
- Sensitivity, exposure, and . consistently supported the
comprising 500 survey . and latent-variable . . [58]
avoidance . relationships among the
responses analysis -
variables
Discomfort, . . . .
. o . Image stimuli and a Sharp metallic reflections caused
Images of metallic and disorientation, and . .
. . Likert-scale greater discomfort and [59]
glass reflective facades environmental . . o .
. questionnaire disorientation
perception

4.3. Behavioral Responses and Spatial Use

Behavioral responses to outdoor glare are jointly influenced by patterns of spatial
use and activity constraints. In spaces intended for stationary activities, such as plazas,
rest areas, and building entrances, observers may reduce the stimulus by turning their
heads, shielding the bright source, changing their orientation, or relocating, and may
further adjust their seating or dwell location. On pedestrian streets and in commercial
pedestrian areas, the spatial relationship between the observer and the bright source
changes continuously. Looking downward, averting the gaze, or choosing the shaded
side may reduce glare exposure, but these responses may also limit the observation of
pavement conditions, traffic signals, and other pedestrians. On motor-vehicle roads and
at intersections, predetermined routes and driving tasks constrain positional adjustments;
drivers may therefore compensate primarily by reducing speed, redirecting their gaze, or
modifying driving operations. These behavioral responses are highly context-dependent,
but the strength of the available evidence is uneven. Existing studies have primarily
examined this process through avoidance tendencies, changes in driving operations, and
crash outcomes. Representative evidence is summarized in Table 5.

Existing evidence indicates that outdoor glare can induce avoidance tendencies and
compensatory driving behavior, but support for actual changes in spatial use remains lim-
ited. Evidence of pedestrian avoidance is derived primarily from self-reported tendencies
in questionnaires [57,58] and has not yet been validated through observations of dwell time,
seat relocation, or walking trajectories. Although facade continuity, spatial openness, and
shading conditions may vary concurrently with location and route choices, few studies have
simultaneously measured glare, thermal conditions, and actual behavior. Consequently,
observed differences in spatial use cannot be directly attributed to bright-light stimuli.
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Table 5. Behavioral responses to daytime outdoor glare and its effects on spatial use.
Spatial Conte.xt and Study Behavioral Indicators Main Findings Reference
Subjects
Pedestrians around reflective Survey-reported Avoidance mediated the relationship between glare 58]
buildings avoidance tendency occurrence periods and sensitivity
Vehicles driving toward a Vehicle speed and speed Drivers reduced speed only slightly, while speed [61]
low-angle sunset fluctuations variability increased
Actual roads with different Degree of speed Speed variability was higher during solar-glare [10]
orientations dispersion periods than during non-glare periods
. . . . Crash occurrence and Crashes at intersections were more concentrated when
Urban signalized intersections . . [62]
type the solar direction was close to the road direction
. . . Proportion of The proportion of fatalities in glare-related crashes
Daytime }Cnfjse}:lsetzlan traffic pedestrian-crash was 2.46%, higher than the 1.83% observed in [14]
fatalities non-glare crashes
Roadside photovoltaic visual Vehlcle.speed, Driving operations chang?d under different sunlight
settines acceleration, and and road-geometry conditions, but the effects of glare [63]
& steering operations were not isolated

Traffic studies provide relatively objective data on driving operations and crash out-
comes, but these indicators are located downstream in the behavioral-response chain.
Driving-simulation research on roadside photovoltaic settings has found changes in driv-
ing operations under different sunlight and road-geometry conditions [63]. However, the
study did not isolate the effects of glare, and the observed changes may also have been
influenced by the visual salience of the installations, road geometry, and active driver
compensation. Changes in speed and vehicle control therefore cannot be directly equated
with glare-induced losses of visual function. Crash occurrence and severity are also affected
by traffic flow, road configuration, vehicle characteristics, and individual factors. Overall,
research on the relationship between daytime outdoor glare and spatial use still lacks
continuous observations linking actual exposure and immediate avoidance to subsequent
changes in dwell time and travel routes.

5. Evaluation Methods for Daytime Outdoor Glare
5.1. Geometric-Path-Based Glare-Risk Assessment

Daytime outdoor glare is subject to clearly defined conditions of spatial reachability.
Actual exposure occurs only when direct sunlight or surface-reflected light enters the ob-
server’s field of view along a specific path. When complete luminance data are unavailable
during the planning stage, or when large urban areas must be screened, the potential
locations, directions, and periods of glare can be determined from solar position, road
and building orientation, surface geometry, spatial obstructions, and the observer’s line of
sight. Direct-glare assessment primarily examines the relationships among solar trajectories,
spatial obstructions, and viewing direction. Relevant methods have evolved from angular
assessments of individual road segments to spatiotemporal mapping of road networks
using GIS, digital surface models, and street-view imagery [15,38,64]. Reflected-glare assess-
ment must additionally resolve two light paths—from the sun to the reflecting surface and
from the reflecting surface to the observer—and identify affected spaces using reflected-area
boundaries, forward or backward ray tracing, and annual hit mapping [8,39,65-67]. Some
studies have further incorporated HDR luminance measurements and material directional-
reflection data, extending the assessment from geometric reachability to an integrated
evaluation of light paths and stimulus intensity [13,26,68]. Representative methods are
summarized in Table 6.
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Table 6. Geometric-path-based evaluation of daytime outdoor glare risk.
Type Scenario Method Core Criteria and Outputs Reference
Intersections, Road-alignment and Angle between the sun and the line of
ramps, and tunnel . . Lo e . [64]
oxits solar-trajectory calculations sight; identifies risk dates and periods
Urban road GIS and spatial-obstruction Road orientation, slope, and solar [15]
network analysis position; identifies at-risk road segments
Urban roads Street.—v1ew 1mag§ry ov.erlald V.1ew1r.1g. angle and s.treet obstruc.tlons; [38]
with solar trajectories identifies risk locations and periods
Road driving under Visual experiments and Horizontal and vertical recognition angles; [12]
Direct glare natural daylight geometric calculations determines acceptable angular boundaries
Mobile and airborne . .. . .
. . Integration of driving direction, road
Urban and laser-scanning point clouds . . .
. gradient, and environmental obstructions; [69]
interurban roads and solar-geometry ¢ P . . .
. identification of risk locations and periods
calculations
Mobile laser-scanning point . .
. Calculation of solar paths and obstruction
clouds, solar-path analysis, . - e
Bus stops . . periods; comparison of the mitigation [70]
and vegetation-obstruction . . .
. . effects of different tree sizes and locations
scenario analysis
Areas surrounding Field measurements and Reflection-region boundaries; identifies [8,65]
glass curtain walls geometric simulation affected spaces !
Ultra—hlgh—rlse Year-round ray tracing Reflected-light paths anc? ray—.hlt .loca.tlons; [66]
glass curtain walls produces the annual risk distribution
Areas sur rounding Forward and backward ray Reflection sources and observer
curtain-wall . . . e [67]
Reflected glare buildings tracing viewsheds; identifies affected areas
High-rise business St'r eet-\{lew magery, sol'a ’ Reachability of reflected-light paths;
L trajectories, and obstruction . L [39]
districts ) produces the spatiotemporal distribution
analysis
Urban streets with a Street orientation, building height, facade
high concentration Backward ray tracing and tilt angle, and viewing conditions; ]
of glass curtain parametric scenario analysis identification of potential exposure
walls locations and reflection sources
. . Reflected-light paths and a threshold of
A1rp9rt Ray tracing and HDR 30,000 cd/m?; identifies risk periods and [13]
photovoltaic arrays measurements .
locations
Pedestrlgn lev.el Scaled physical-model Reﬂected—.hghfr pat}.ls. and local
around high-rise . concentration; identifies areas of [26]
I experiments irradi .
Integrated buildings irradiance concentration
Road-adjacent Directional-reflection Reflection direction, surface luminance,
photovoltaic measurements and annual and viewing direction; identification of [29]
installations solar-reflection calculations risk periods
Ray-obstruction analysis, an Relationships among solar position,
eye-tracking-based illuminance, obstruction, and
Two-lane highway field-of-view model, and sight-distance attenuation; estimation of [56]

traffic-sign recognition
experiments

available sight distance under glare
conditions

Direct glare in road environments is characterized by a clearly defined solar position
and a viewing direction constrained by road alignment, making it suitable for geometric
assessment based on solar trajectories, road orientation, and obstruction relationships.
Calculations for individual road segments can identify risk periods at intersections, ramps,
and tunnel exits with reasonable accuracy. GIS- and street-view-based methods can extend
the assessment to road networks, while mobile and airborne laser-scanning point clouds
can further represent driving trajectories, road gradients, and environmental obstructions
to identify the locations and periods in which direct sunlight enters the field of view [69].
However, these methods generally continue to rely on predefined lines of sight and uni-
form angular thresholds, making it difficult to fully account for turning maneuvers, head
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movements, and individual visual differences. The scalability of geometric methods is
therefore achieved by simplifying observer behavior, and their outputs are more suitable
for representing the extent of potential exposure than the actual severity of glare.
Building-reflection scenarios involve two light paths: one from the sun to the reflecting
surface and another from the surface to the observer. They therefore require more detailed
descriptions of surface orientation, curvature, and material properties. Reflected-area
boundaries are suitable for rapidly delineating the affected area of a single curtain wall;
forward ray tracing facilitates analysis of the spatial propagation of reflected light; and
backward ray tracing is more appropriate for identifying potential reflection sources from
observer positions on roads or in public spaces. Annual ray tracing can additionally esti-
mate the frequency and duration of glare events, although its results depend strongly on
building-model accuracy, surface normals, and the directional-reflection parameters of ma-
terials. Incorporating HDR luminance data or intensity thresholds can bring the assessment
closer to actual visual risk but may reduce its general applicability, because luminance
thresholds developed for specific airport tasks may not be applicable to pedestrians, drivers,
or general public spaces. Recent studies have further integrated directional-reflection mea-
surements or visual-task data into geometric analyses, extending assessment from path
identification to reflected-luminance estimation and the prediction of available sight dis-
tance under glare conditions [29,56]. Nevertheless, identifying potential exposure is not
equivalent to determining its actual effects. Assessment must also consider exposure dura-
tion, time of occurrence, the sensitivity of affected observers, and cumulative effects from
multiple sources [71]. No single method is optimal for every setting: large-scale screening
may prioritize geometric reachability, whereas detailed assessments of critical areas should
additionally incorporate photometric conditions, visual tasks, and dynamic exposure.

5.2. Scenario-Based Evaluation Using Mathematical Models

Research on daytime outdoor glare still lacks universally applicable evaluation metrics
specifically calibrated for such conditions. Current applications largely rely on models
developed for indoor daylighting, electric lighting, and road lighting. Because these metrics
were originally established under different luminance ranges, source configurations, visual
tasks, and subjective rating scales, their numerical values and category thresholds cannot
be directly adopted as absolute criteria for daytime outdoor environments. Daylight Glare
Probability (DGP), Daylight Glare Index (DGI), and Unified Glare Rating (UGR), which are
currently among the most widely used metrics, account for source luminance, solid angle,
position within the field of view, and background conditions once the observer position and
viewing direction have been specified. They can therefore be used for relative comparisons
among different locations, periods, and design alternatives within the same scene [60,72-74].
More recently, the applicability of UGR and its modified form UGR’, which accounts for
non-uniform source luminance, has been examined for outdoor residential luminaires. The
results showed that the calculated values are affected by factors including the delineation
of the luminous area, the blurring parameter, viewing angle, and background luminance,
while the corresponding rating scales still require further validation through psychophysical
experiments [75]. Representative metrics and their original conditions of applicability are
summarized in Table Al in Appendix A.2.

In practice, luminance distributions within the field of view are usually obtained
using high-dynamic-range (HDR) photography or lighting simulation. The sun, reflecting
facades, and high-luminance areas on the ground are then identified, and their luminance,
solid angle, position, and background conditions are entered into existing models [60,76,77].
Similar simulation procedures have also been applied to architectural daylighting design,
where combinations of shading devices, light shelves, and skylights are compared to assess

https:/ /doi.org/10.3390/buildings16214208


https://doi.org/10.3390/buildings16214208

Buildings 2026, 16, 4208

18 of 25

daylight utilization while controlling glare [78]. Recent studies have further incorporated
temporal variations in measured luminance, the relative positions of reflecting sources and
moving observers, and parametric building geometry into continuous calculations, using
existing glare indices or data-driven models to compare different periods and design sce-
narios [79-81]. These methods can convert potential exposure locations identified through
geometric path analysis into continuous indices. However, they primarily demonstrate
the computational applicability of these models and their ability to support relative com-
parisons in outdoor settings; they do not establish that the original discomfort categories
retain the same perceptual meaning outdoors.

In outdoor electric-lighting and quasi-outdoor experiments, discomfort-glare model-
ing has expanded from a single rating to the representation of individual differences and
dynamic stimuli. Probabilistic models can estimate the likelihood of different discomfort
ratings [82], while cross-dataset comparisons indicate that direct illuminance at the eye
from a glare source can, under certain conditions, serve as a readily obtainable simplified
predictor [83]. For nighttime pedestrian lighting, studies have also recommended the stan-
dardized reporting of photometric stimuli and viewing conditions to facilitate comparisons
among different discomfort-glare models [84]. Experiments involving cyclic light sources
have shown that repeated variations in a stimulus do not necessarily increase discomfort,
with significant differences occurring only under certain low-frequency luminance varia-
tions [85]. Models based on the human visual system have further incorporated processes
such as visual adaptation [86]. These studies provide useful directions for evaluating
daytime outdoor glare, although their findings still require validation under conditions
involving direct sunlight and reflections from buildings.

The principal limitation in transferring these models arises from the differences be-
tween their original calibration conditions and the luminance structures encountered
outdoors. A daytime outdoor field of view may simultaneously contain the sun, sky, build-
ings, and ground reflections, while observer movement continuously alters the boundaries
and positions of high-luminance areas within the field of view as well as the observer’s
adaptation state. Different methods of glare-source segmentation can also change the
source solid angle, background luminance, and resulting index value. Existing studies
have improved the contextual adaptability of these models by modifying glare-source
identification methods and minimum solid-angle criteria or by incorporating variables
such as solar angle, reflector dimensions, building geometry, observer movement, and
material roughness [3,33,48,74,80,81,87]. However, such adjustments cannot replace the
validation of perceptual validity. The same index value may not correspond to the same
degree of discomfort in indoor window, direct-sunlight, and building-reflection conditions.
Future studies should therefore determine the limits of model applicability by examining
subjective perception, visual performance, and behavioral responses across different spatial
settings, visual tasks, and population groups.

6. Discussion and Conclusions

Existing studies indicate that some glare metrics can distinguish differences in glare
among locations, periods, or design alternatives when the observer position, viewing direc-
tion, and luminous environment remain relatively stable [60,72-74,87]. Source luminance,
solid angle, background luminance, and position weighting in existing models can still
describe the principal stimulus characteristics at a given moment. However, the applicabil-
ity demonstrated in current outdoor studies primarily concerns relative comparisons at
static viewpoints or discrete moments and does not imply that the original category thresh-
olds can be directly applied to daytime outdoor environments. Although recent studies
have incorporated temporal variations in measured luminance, the relative positions of

https:/ /doi.org/10.3390/buildings16214208


https://doi.org/10.3390/buildings16214208

Buildings 2026, 16, 4208

19 of 25

reflecting sources and moving observers, and parametric building geometry into dynamic
calculations [79-81], thereby extending the representation of the glare-exposure process, the
corresponding perceptual categories and behavioral validity have yet to be directly verified.
Solar movement, obstruction by buildings, and surface reflections continuously alter the
intensity, direction, and extent of high-luminance areas, while observer movement changes
the viewing direction, target distance, and task requirements. Consequently, the same
instantaneous index value may have different effects depending on exposure duration,
direction of approach, and task stage.

The limitation of a single metric is not that it cannot describe outdoor glare, but that it
cannot readily encompass spatial accessibility, stimulus intensity, the exposure process, and
observer responses simultaneously. Geometric metrics are suitable for identifying potential
exposure locations and periods; photometric quantities and glare indices are appropriate
for quantifying instantaneous stimuli; and subjective assessments, visual-task measures,
and behavioral indicators reflect actual effects at different levels. Compressing these results
into a single universal value may obscure differences among glare forms, activity patterns,
and population responses. Daytime outdoor glare is therefore better evaluated using a
hierarchical and type-specific framework. While retaining the role of existing metrics in
static evaluation, the relevant parameters should be selected according to whether the glare
is direct or reflected, whether the observer is stationary or moving, and the type of visual
task involved. Evaluation results should then be updated in accordance with changes in
the physical environment and the observer’s movement path.

Based on the above analysis, future research on daytime outdoor glare evaluation may
proceed along two interrelated pathways: dynamic light-stimulus research and response-
and-evaluation research, as illustrated in Figure 7. The former focuses on the spatial distri-
bution of multiple high-luminance sources and the dynamic exposure process, whereas the
latter examines the relationships between physical stimuli and observer responses and the
context-specific improvement of evaluation methods. These two lines of research should be
integrated under consistent definitions of glare sources, spatial scales, and observer tasks,
and should jointly support glare-risk determination, design-scheme evaluation, and the
design of buildings and outdoor environments.
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Walking Routes and Glare Assessment Differences in Group Sensitivity
Glare Exposure '

Glare Adaptation and Recovery

e e e

Obstruction Configuration
i and Glare Control

Gaze and Avoidance Behaviors

) ‘
Spatial Exposure ! Multi-Source Glare and Dynamic Exposure and i Observer-Response
Assessment Bl Spatial Distribution Assessment Visual-Response Assessment i Assessment
s ’

Figure 7. Future research directions and application pathways for daytime outdoor glare assessment.

In design applications, solar position, spatial obstructions, and viewing directions can
be considered together to identify critical surfaces that direct sunlight or reflected high-
luminance stimuli toward major pedestrian routes, vehicular routes, and occupied areas.
Materials, facade geometries, and shading strategies can then be compared accordingly.
Material selection should consider directional reflection within the actual range of solar
incidence angles; glare risk cannot be determined solely from overall reflectance, anti-
reflective coatings, or frosted finishes [29-31]. Fagade orientation, tilt angle, and curvature
should be evaluated in relation to annual solar paths and sensitive observer locations, while
geometric modifications should also be examined to determine whether they redirect re-
flections toward other occupied spaces [3,81]. In existing spaces, localized shading devices,
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screens, or vegetation may be introduced along critical exposure paths. However, their
actual effectiveness in reducing stimulus intensity, affected area, and exposure duration
should be verified through scenario-based simulations or field measurements [70].

In addjition to outdoor reflections, glazing systems should also account for the effects
of transmitted light on indoor daylighting and glare. The scattering properties of aerogel
glazing can alter indoor daylight distribution and glare evaluation, while the spectral
differences among tinted glazing systems may cause actual discomfort to deviate from the
predictions of existing metrics [88-90]. External shading strategies for residential buildings
must likewise balance usable indoor daylight with discomfort-glare control [91]. Because
these studies address indoor luminous environments, their findings cannot be directly used
to assess outdoor glare reflected from facades. The effects of glazing systems on the indoor
and outdoor environments must therefore be evaluated separately.

This paper synthesizes research on daytime outdoor glare from three perspectives:
physical characteristics, observer effects, and evaluation methods. The main conclusions
are as follows:

1.  Daytime outdoor glare is characterized by high luminance, multiple sources, non-
uniformity, and temporal variability. Solar movement, building obstructions, interface
form, and material reflectance jointly alter the intensity, direction, scale, and number
of high-luminance regions. Fixed viewpoints and single luminance values cannot
represent complete exposure conditions.

2. Outdoor glare can cause visual discomfort and impaired visual function and may
induce immediate behavioral adjustments. Existing evidence has primarily focused
on subjective evaluations, target recognition, and compensatory driving behavior,
whereas direct observations of dwell time, detouring, location choice, and spatial
patterns of use remain limited.

3.  Existing assessment approaches have gradually evolved from geometric-path identi-
fication and the application of established glare indices toward integrated analyses
of directional reflection, dynamic exposure, and visual tasks. Different studies have
incorporated moving observers, directional reflection, and parametric building geome-
try into their assessments, and some have established links between physical exposure
and available sight distance in specific driving tasks. However, the applicability of
these relationships across different light-source types, spatial scales, and observer
groups remains to be validated.

4. The evaluation of daytime outdoor glare needs to connect dynamic physical exposure
with observer responses. Future research should simultaneously record the luminance,
direction, scale, visual-field position, and duration of multisource high-luminance
stimuli, and examine perceptual, visual-performance, and behavioral outcomes across
different spaces, tasks, and population groups. This will support the development
of hierarchical and differentiated evaluation methods suitable for dynamic outdoor
environments.
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Appendix A
Appendix A.1. Geometric Quantities in Figure 4 and Representative Evaluation Equations

For a high-luminance region subtending a small angular extent within the field of
view, its solid angle can be approximated as:

Aproj
r2

w = (A1)
where w is the solid angle subtended by the glare source at the observer’s eye, Ap is
the projected area of the high-luminance region facing the observer, and r is the distance
from the observer’s eye to the source. Equation (A1) is a small-angle approximation. For
large-area curtain walls or reflecting regions with complex geometries, the solid angle
should be determined from the actual visible area.

Taking the Unified Glare Rating (UGR) as an example, the solid angle and the position
of the source within the field of view are incorporated into the evaluation equation as

follows [75,92]:
0.25 ¢ wai]

1= 1

where L is the background luminance, L; is the luminance of the ith glare source, w; is its

(A2)

solid angle, p; is its position index within the field of view, and # is the number of glare
sources. The angular relationships illustrated in Figure 4b are used to describe the source
position within the field of view; the position index is not equivalent to any single angle
shown in the figure. Equation (A2) demonstrates how these quantities are incorporated into
the metric but does not imply that the original UGR discomfort categories are applicable to
daytime outdoor environments.

Appendix A.2. Representative Glare Metrics and Their Original Conditions of Applicability

Table Al. Typical glare and visibility assessment metrics.

. Original Typical
Type Metric Core Parameters Result Format Evaluation Basis Scenario
British Glare Index Source lumman.cg solid angle, Hopkinson Indoor electric
source position, and Index value . 1
(BGI) [16,42] . discomfort scale lighting
background luminance
Visual Comfort Agoregate glare from multiple Percentage of Group subjective Indoor electric
Probability (VCP) geresate s P comfortable b subj o
sources responses lighting
[93] observers
Discomfort CIE Glare Index Sour.c.e lummange, source Hopkinson Indoor electric
1 position, and direct and Index value . 4
glare (CGI) [94] L . . discomfort scale lighting
indirect illuminance
Daylight Glare Index Window lumlnar}c.e, solid . Indoor
(DGI) [44] angle, source position, and Index value Discomfort level daylighting
background luminance
Unified Glare Rating I(‘);llrtIll cl)rrllal;iec’l ioalé(li i‘rcl)%llr?d Index value CIE discomfort Indoor electric
(UGR) [92] P ! & scale lighting

luminance of multiple sources
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Table Al. Cont.

Type Metric Core Parameters Result Format Eval(ziig(;ﬁalliasis Sl; };}:11:1:10
Dayhg}.‘t Glare Vertical €ye illumiITance, Probability Participants’ Indoor
Probability (DGP) source luminance, solid angle, . S
[45] and source position value comfort judgments daylighting
Glare Rating (GR) Equivalent Yeiling lgminance Index value de Boer semantic Ol.,ltd.OOI'.
[95] and ambient luminance scale electric lighting
Disability Threshold Increment Veiling luminance and Threshold Target-recognition ~ Nighttime road
glare (TT) [96] road-background luminance increment threshold lighting
percentage
Visibility Visibility Level (VL)  Actual contrast and contrast Ratio Target-detection Road. anq
[97] threshold threshold tunnel lighting
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