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Abstract—Pedestrian safety in urban environments remains
a critical public health issue, with nighttime conditions sub-
stantially increasing crash risk for vulnerable road users. Yet
intersection lighting design remains constrained by roadway-
centric standards and static workflows, offering limited support
for evaluating tradeoffs among multidirectional pedestrian vis-
ibility, glare, and light trespass—and environmentally sensitive
designs are often presumed, without evidence, to compromise
safety. We introduce SALUSLux, an open-source, programmable
simulation toolkit for pedestrian-centered intersection lighting
analysis, and apply it to a parametric study of 2,304 config-
urations on a standard four-way intersection. Results reveal
three findings with direct implications for practice and stan-
dards. First, spatial geometry and luminaire properties interact
so strongly that they cannot be optimized independently—a
luminaire that performs well in one configuration can fail in
another, making joint design-space exploration essential. Second,
semi-cylindrical illuminance was the most difficult metric to
satisfy across all scenarios and should be elevated to a required
standard for intersection crosswalks; horizontal illuminance—the
dominant metric in current practice—provided little additional
information once other criteria were met, and overreliance on it
risks encouraging excessive lighting that increases glare without
improving pedestrian safety. Third, warm-color 2,700K lighting
fully satisfies all pedestrian visibility thresholds when paired
with appropriate spatial configuration, directly contradicting the
assumed safety-sustainability tradeoff. Together, these findings
provide an evidence base for intersection-specific lighting criteria
that existing tools cannot deliver.

Index Terms—Intersection lighting, light pollution, light tres-
pass, lighting design tradeoffs, open-source software, pedestrian
visibility, photometric analysis, SALUSLux
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I. INTRODUCTION

Pedestrian safety remains a persistent and urgent challenge
in transportation systems, particularly for vulnerable road users
navigating urban environments. A large share of pedestrian
crashes and fatalities occur in low-light conditions, where
visibility is reduced and detection distances shorten. Empir-
ical studies consistently show that pedestrian crash risk is
substantially higher in darkness than in daylight [2], [3],
and the night-to-day crash ratio is widely recognized as a
key indicator used to assess pedestrian lighting needs [4].
Sanders et al. found that 75% of U.S. pedestrian fatalities
occur in darkness, and that nearly 90% of the increase in
pedestrian fatalities from 2009 to 2018 was concentrated
in nighttime conditions—a trend driven largely by roadway
design factors including the absence or inadequacy of lighting
[5]. These findings motivate roadway lighting as a critical
design lever for intersection safety—settings where pedestrians
must negotiate complex driver trajectories, turning movements,
and occlusions. Lighting is also one of the most actionable
interventions available to agencies because it can be deployed,
upgraded, and managed without requiring reconstruction of
the roadway. Prior meta-analyses have reported sizable safety
benefits associated with public lighting, including reductions
in nighttime fatal, injury, and property-damage-only accidents
following new or improved lighting installations [6], [7].



However, “more light” is not universally “better light.”
Beyond safety, modern streetlighting must balance additional
societal and technological objectives. Over-lighting contributes
to light pollution, a key consequence of which is skyglow,
which has been associated with circadian disruption and
broader health and ecological impacts [8]–[10]. Color temper-
ature choices further complicate this trade space: cooler, higher
correlated color temperature (CCT) light emitting diodes
(LEDs) can improve certain visibility-related outcomes but
may increase blue-light scattering and environmental impacts,
while warmer CCTs reduce blue content but can reduce
detection distances under some conditions [4], [11]. Recent
pedestrian-focused research con�rms that CCT has measurable
effects on perceived safety, recognition, and comfort from the
pedestrian's perspective—not just the driver's—and that the
optimal CCT for pedestrian-scale environments may differ
from that traditionally recommended for roadway contexts
[12]. Streetlighting conditions may also interact with emerging
roadway technologies. For example, overly re�ective mate-
rials and certain lighting environments have been reported
to create challenges for sensing and perception systems in
modern vehicles, raising the possibility that lighting design
must increasingly consider compatibility with automated or
assisted driving systems [13]. At the human level, lighting
affects not only objective crash risk but also perceived safety
and nighttime mobility: women in particular report feeling
less safe in poorly lit areas [14], and experimental evidence
con�rms that brighter street lighting leads people to feel
meaningfully safer outdoors, with a majority willing to pay
for LED upgrades to improve their perceived security [15],
[16].

Beyond these over-lighting concerns, the nature of crash
risk itself further complicates the picture. Crash risk is in-
�uenced by many coupled factors—traf�c volume, pedestrian
activity, intersection geometry, operating speeds, and driver
workload—such that illumination levels alone do not fully
explain safety outcomes. Even within the lighting domain,
design decisions that improve one safety-relevant attribute may
degrade another. For example, a design that increases light
levels on the pavement may still fail to illuminate the pedes-
trian's body in a way that supports detection, recognition, and
intent inference by approaching drivers. Meanwhile, the rapid
transition to LED streetlighting has introduced new challenges
related to directional emission patterns, high luminance “hot
spots,” and discomfort or disability glare, particularly when
bright diode arrays are visible in the line of sight [17], [18].
Recent experimental work con�rms that discomfort glare from
LED luminaires in pedestrian-scale outdoor environments is
a measurable and consistent phenomenon, yet existing glare
metrics remain poorly calibrated for pedestrian applications—
underscoring the need for evaluation tools that explicitly
incorporate pedestrian-relevant glare assessment [19]. These
issues are especially salient at intersections where pedestrians
and drivers often face luminaires at low angles during crossing
and turning.

Together, these concerns place streetlighting squarely within

a multi-objective design regime spanning safety, sustainability,
human comfort, and technology compatibility. These chal-
lenges are arising at a moment when cities are rapidly up-
grading lighting infrastructure and adding networked controls.
Contemporary LED luminaires increasingly support dimming,
scheduling, monitoring, and integration with communications
modules (e.g., through upgraded photocell sockets and plug-in
controllers), enabling adaptive lighting policies at the corridor
or intersection scale. Yet the cost and operational complexity
of these systems can be substantial [20], and ownership struc-
tures (utility-owned vs. municipally owned vs. shared) can
limit the extent to which agencies can implement responsive
strategies. As a result, practitioners need practical ways to
evaluate lighting strategies before installation—quantifying
whether a proposed design meets pedestrian lighting guidance
(e.g., ANSI/IES RP-8-18 and related recommendations) while
limiting glare and light pollution and supporting feasible
operational policies [4], [21].

A central barrier is that rigorous lighting evaluation is
often dif�cult to operationalize and reproduce. Many lighting
analyses rely on proprietary software, ad hoc work�ows, or
isolated scenario studies that are challenging to extend, audit,
and integrate into open, data-driven urban analytics pipelines
(discussed in depth in Section II). The interactive, manual
work�ows of tools such as DIALux [22] and ReLux [23] are
well suited to evaluating a handful of candidate designs, but
they cannot support the systematic exploration of large design
spaces, sensitivity analyses across hundreds or thousands of
parameter combinations, or integration into automated opti-
mization and policy studies. This means that practitioners and
researchers have had no practical pathway to understand how
intersection lighting performance varies across the full range
of plausible design choices, how design parameters interact
with one another, or how robust a given design is to changes
in geometry, luminaire properties, or operational constraints.
These are not peripheral questions—they are central to the
development of evidence-based lighting standards and to the
selection of designs that perform reliably across real-world
conditions.

At the same time, the lighting research literature provides
clear guidance on what should be evaluated. Recommended
practice and guidance documents emphasize not only horizon-
tal illuminance but also vertical and semi-cylindrical illumi-
nance for pedestrian visibility, luminance for perceived bright-
ness, and glare metrics such as veiling luminance ratio and
related indices [4], [21], [24]. Empirical and simulation-based
studies—including foundational work by the Virginia Tech
Transportation Institute (VTTI) and others—have explored
how pole placement, luminaire beam distribution, mounting
height, and power in�uence pedestrian visibility [11], [25]–
[27]. These studies have also shown that high-performing
con�gurations for pedestrian visibility (e.g., certain forward-
aimed or approach-focused layouts) can still create tradeoffs
in glare, comfort, energy use, and light trespass—making it
dif�cult to generalize results across intersection geometries
and design constraints. Importantly, the three dominant layout



archetypes most commonly studied in this literature—the box,
staggered, and turbine con�gurations—were developed pri-
marily for midblock crosswalk contexts, and their applicability
and limitations for full intersection streetlight design remain
poorly characterized [28]. Critically, however, these studies
evaluate a small number of manually con�gured scenarios
at a single location; none provides a systematic, large-scale
exploration of how intersection lighting performance varies
across the full combinatorial space of geometric and photomet-
ric parameters, nor do they jointly evaluate pedestrian safety,
glare, sustainability, and light trespass as coupled objectives.
What has been missing is a computational pipeline capable
of evaluating these tradeoffs simultaneously, at scale, and in a
reproducible way.

This paper addresses these challenges by introducing
SALUSLux, an open-source streetlighting analysis and design
software and framework that supports reproducible, scalable,
scenario-based evaluation of intersection lighting [Redacted
Link/Citation to Open-Source Software for Double Blind
Review]. SALUSLux is designed to bridge three persistent
gaps in practice and research: (i) the need for an accessible and
auditable computational toolchain for lighting analysis; (ii) the
need to jointly evaluate pedestrian safety-relevant photometric
outcomes, sustainability, and comfort impacts; and (iii) the
need to explore design spaces—not just single candidate
layouts—so practitioners can understand sensitivity to geome-
try, luminaire properties, and operational constraints. SALUS-
Lux operationalizes this evaluation by combining standard
photometric inputs (e.g., manufacturer-provided photometric
distributions), physically grounded modeling assumptions, and
widely used performance metrics to compute illuminance,
luminance, and glare outcomes under candidate designs.

To demonstrate SALUSLux's utility for design exploration,
we apply it to a parametric study of a standard four-way
intersection and evaluate 2,304 lighting scenarios that vary
both geometric and photometric design choices. This large-
scale simulation experiment illustrates how decisions such
as pole spacing, pole offset, mounting height, and luminaire
distribution, in conjunction with key contextual factors such
as surrounding light trespass and leading pedestrian intervals
(LPIs)—reshape key pedestrian safety and sustainability met-
rics (i.e., illuminance, luminance, glare, and CCT), and reveals
how these metrics often con�ict. The analysis provides a trans-
parent and repeatable pathway from candidate lighting designs
to quanti�able performance evidence, enabling agencies and
researchers to more systematically reason about tradeoffs and
robustness across plausible operating conditions.

To summarize, the maincontributionsof this paper are:

1) An open-source, reproducible streetlighting software
framework (SALUSLux) that integrates photometric in-
puts, intersection geometry, and physically grounded as-
sumptions to compute pedestrian-relevant lighting met-
rics at scale—enabling a class of large-scale, multi-
parameter analysis that is not achievable with existing
commercial tools;

2) A multi-objective evaluation approach that treats pedes-
trian safety, visual comfort, sustainability outcomes, and
contextual factors as coupled design criteria, aligned
with established guidance and glare assessment methods
[4], [21], [24]—making explicit the tradeoffs between
these objectives that point-based compliance tools ob-
scure;

3) A large parametric intersection case study (2,304 sce-
narios) that produces novel scienti�c �ndings regard-
ing geometry-luminaire interaction effects, the adequacy
of existing photometric metrics for intersection con-
texts, and the feasibility of environmentally sensitive
designs—thereby motivating design-space exploration
rather than one-off evaluation;

4) Building on the baseline intersection study [1], we
introduce two new application scenarios that extend the
practical scope of SALUSLux: a light trespass analy-
sis, which evaluates spillover illuminance onto adjacent
properties, and a delayed activation scenario, which
models adaptive lighting systems where luminaires reach
full output after a time lag—both of which re�ect real
operational conditions not addressed in prior work.

Through these contributions, this paper demonstrates that
computational methods can reconcile pedestrian safety and
sustainability objectives, and provides an evidence base to
support intersection-speci�c lighting criteria and policies that
existing tools and isolated scenario studies cannot deliver.

II. BACKGROUND

This section provides the minimum technical and schol-
arly context needed to interpret the modeling choices and
evaluation metrics implemented in SALUSLux. In Section
II-A, we summarize the pedestrian-safety context that mo-
tivates intersection lighting analysis. In Section II-B, we
de�ne the core photometric quantities used throughout this
paper. Illuminance serves as a measure of pedestrian visibility,
luminance as a measure of contrast, CCT as a measure of
sustainability (e.g., ecology, DarkSky principles), and glare
as a measure of comfort. In Section II-C, we review the
standards and guidance that inform common design targets.
In Section II-D, we synthesize prior �ndings on intersection
lighting con�gurations and the safety-sustainability trade space
that motivates multi-objective evaluation. And in Section II-E,
we review the limitations of IES �le handling software in
existing lighting software, as well as their manual work�ows.
Together, these �ve subsections establish the evidence base for
why intersection lighting demands a multi-objective, design-
space approach rather than the single-scenario, single-metric
evaluations that currently dominate practice. Together, these
�ve subsections establish the evidence base for why intersec-
tion lighting demands a multi-objective, design-space approach
rather than the single-scenario, single-metric evaluations that
currently dominate practice.



A. Pedestrian Nighttime Risk at Intersections

Pedestrian safety has become an increasingly urgent issue in
the United States, with recent reporting indicating thousands
of annual fatalities and persistent inequities in exposure and
risk [29]. Across multiple datasets, the majority of severe
pedestrian outcomes occur after dark, and elevated risk per-
sists for hours into the evening [30], [31]. Although many
countermeasures affect nighttime risk—vehicle speeds, turn-
ing behavior, crosswalk design, signal timing, and pedestrian
volumes—lighting is a uniquely scalable intervention because
it can be upgraded and controlled independently of major
roadway reconstruction. Evidence reviews and meta-analyses
support the safety relevance of lighting improvements [6], [7].
However, the design of effective pedestrian lighting requires
more than raising overall brightness. The lighting literature
emphasizes that visibility and comfort depend on how light is
distributed in three dimensions and how the scene is perceived
[4], [21], motivating the photometric metrics described next.

B. Photometric Quantities for Pedestrian Lighting Evaluation

Intersection lighting design is commonly evaluated through
a combination of illuminance, luminance, and glare metrics.
Each captures a distinct aspect of the visual environment and
together they describe both visibility-related performance and
potential negative externalities [4], [21].

1) Illuminance: Illuminance measures the amount of lumi-
nous �ux incident on a surface and is reported in lux (lm/m2).
For roadway environments, illuminance is frequently used to
assess whether pedestrian facilities (e.g., crosswalks, waiting
areas, sidewalks, corners) receive suf�cient light to support
detection and recognition [4]. Because pedestrians are three-
dimensional targets, pedestrian lighting guidance commonly
distinguishes among:

� Horizontal illuminance, which characterizes light incident
on the ground plane and is often used for pavement and
roadway checks;

� Vertical illuminance, which characterizes light incident on
a vertical plane and more directly relates to the visibility
of a pedestrian's body from a driver's perspective;

� Semi-cylindrical illuminance, which approximates illumi-
nation around the human form (rather than on a single
plane) and has been used to represent facial visibility and
body contour recognition in pedestrian contexts.

In practice, these measures can yield different conclusions
for the same design: a layout that raises horizontal illuminance
at the crosswalk may still provide insuf�cient vertical or
semi-cylindrical illumination for pedestrians approaching from
certain directions.

2) Luminance:Luminance describes the intensity of light
re�ected from a surface in a given direction and is typically
reported in candelas per square meter (cd/m2). Luminance is
closely tied to perceived brightness because it accounts for
both incident illumination and surface re�ectance. In road en-
vironments, re�ected luminance from pavement and markings
can meaningfully shape contrast patterns and perceived scene

brightness, complementing direct illuminance from luminaires
[4], [21]. The widespread transition to LED streetlighting has
increased the prominence of luminance considerations because
LED luminaires can produce high-intensity regions and strong
spatial gradients, particularly when optical distributions con-
centrate light in narrow zones [17].

3) Glare: Glare refers to excessive brightness that can
reduce visibility or create discomfort. It is commonly dis-
cussed as nuisance glare (bothersome), discomfort glare (vi-
sual strain), or disability glare (visibility impairment and
delayed recovery) [17], [18]. Glare is a central concern for
LEDs because high-luminance diode arrays can be visible
within the �eld of view, particularly at low angles typical of
pedestrian and driver sightlines near intersections.

Standards bodies have developed operational measures of
glare. The Illuminating Engineering Society (IES) assesses
glare in roadway lighting using the Veiling Luminance Ratio
(VLR), which evaluates how a bright source can reduce the
contrast needed to perceive detail in the surrounding envi-
ronment [21]. The International Commission on Illumination
(CIE) also established a glare rating framework for outdoor
lighting, where higher values indicate more glare [24]. While
no single glare metric perfectly captures perceived discomfort
across contexts, these measures provide practical proxies for
comparing candidate designs and identifying layouts likely to
introduce visual discomfort or impairment.

4) Color Temperature and Spectral Considerations:CCT
affects both visual performance and environmental impact be-
cause short-wavelength (“blue”) content scatters more readily
and contributes disproportionately to skyglow and ecological
disruption [8], [9]. At the same time, controlled studies have
reported CCT-dependent differences in pedestrian detection
distances under some conditions, with tradeoffs between visi-
bility performance and light-pollution impacts across warmer
and cooler LEDs [4], [11]. For this reason, pedestrian lighting
guidance often treats CCT as a design dimension that must
be selected alongside geometry and luminous intensity, rather
than as a purely aesthetic choice [4].

C. Standards, Guidance, and Design Targets

Most roadway lighting practice is anchored in standards
and guidance that specify performance targets as a function
of roadway class, pedestrian activity, and context. In North
America, a central reference is ANSI/IES RP-8-18, which pro-
vides recommended practice for roadway and parking facility
lighting and is widely used to inform municipal and agency
design criteria [21]. Complementary guidance is available
through transportation design references such as the AASHTO
Roadway Lighting Design Guide [32], the Transportation
Association of Canada Guide for the Design of Roadway
Lighting [33], and historical warranting references such as
NCHRP Report 152 [34]. These documents motivate the use of
illuminance, luminance, and glare metrics and the evaluation
of pedestrian zones beyond the roadway centerline.

Recent pedestrian-focused lighting guidance has been con-
solidated through work led by VTTI and partners for the



Federal Highway Administration (FHWA). The Pedestrian
Lighting Primer synthesizes prior research and provides rec-
ommended evaluation approaches and design targets for cross-
walks and adjacent pedestrian facilities [4]. Supporting reports
further discuss safety bene�ts and best practices for intersec-
tion lighting and provide study-backed recommendations for
con�gurations and performance thresholds [11], [26]. Across
these documents, a consistent theme is that pedestrian visibility
at intersections is better represented by vertical and semi-
cylindrical illuminance (in addition to horizontal measures),
and that high-performing designs must be evaluated for glare
and other unintended consequences, such as light trespass.

Because standards and guidance are expressed in terms
of target photometric outcomes rather than speci�c layouts,
computational tools are needed to translate a candidate con�g-
uration (e.g., pole placement, luminaire type, mounting height,
aiming) into predicted performance over the crosswalk and ad-
jacent pedestrian space. We would like to note that the choice
of North American standards in this paper re�ects the context
of the case study—a four-lane by four-lane by four-lane U.S.
arterial intersection—and is not a limitation of the SALUSLux
framework itself. The framework is designed to accommodate
any applicable standard: a practitioner modeling a European
intersection would supply thresholds from EN 13201-2:2015
(Road Lighting — Performance Requirements [35]) or the
internationally recognized CIE 115:2010 (Lighting of Roads
for Motor and Pedestrian Traf�c [36]), while a practitioner
in Asia or elsewhere might apply the corresponding regional
guidance. In every case, the photometric simulation engine and
evaluation pipeline remain unchanged; only the performance
thresholds supplied by the user differ.

D. Prior Work on Lighting Con�gurations and Design Sensi-
tivities

A substantial body of work has examined how streetlight
geometry and photometric distributions in�uence pedestrian
visibility, most prominently for crosswalk contexts. Studies
that combine �eld measurements and simulation have shown
that performance is highly sensitive to coupled design choices,
including pole spacing, offset, mounting height, power, and
beam distribution type [4], [11], [25]. Notably, strong perfor-
mance for one approach direction does not guarantee robust
performance across all relevant viewpoints at an intersection,
particularly where turning movements introduce additional
driver sightlines.

Recent synthesis and simulation efforts have highlighted
a small set of recurring layout archetypes that are often
discussed for crosswalk illumination and have been evaluated
for their applicability at intersections. These include dynamic
(or box) con�gurations, in which four poles are positioned
at each corner of the intersection aiming inward, and turbine
con�gurations, in which four poles are installed forward of
the intersection, oriented to light pedestrians in the approach
path of oncoming vehicles. While box con�gurations offer
symmetry, they often fail to effectively illuminate pedestri-
ans from the perspective of approaching drivers. They may

also inadequately light vehicle turning paths. The turbine
con�guration has been found effective for frontal pedestrian
visibility but tends to perform poorly for illuminating sidewalk
approaches or pedestrians crossing from side angles.

VTTI's work, using manufacturer-provided photometric dis-
tributions in simulation, indicates that certain forward-aimed
con�gurations can improve vertical illuminance on pedestrians
in the approach path of drivers, particularly when paired with
appropriate beam distributions and mounting heights [11],
[26]. However, these same choices can underperform for other
pedestrian locations (e.g., sidewalk approaches or lateral cross-
ing directions) and may elevate glare or increase spill light
depending on the optical distribution and intensity required [4],
[17]. In other words, prior work motivates the need to evaluate
intersection lighting as a multi-objective design problem rather
than a single-metric compliance exercise.

This trade space has become more consequential with LED
adoption. The directional nature of LEDs can increase spatial
non-uniformity and sharp cutoffs between illuminated and dark
regions [37], and high-luminance diode arrays can increase
discomfort glare under certain viewing geometries [17], [18].
Meanwhile, increasing brightness to recover pedestrian visi-
bility can exacerbate light pollution and associated health and
ecological impacts [8], [9].

E. Software Work�ows, Reproducibility, and the Need for
Programmatic Design-space Evaluation

Despite the importance of lighting design, the analytical
work�ows available to practitioners remain dif�cult to opera-
tionalize for reproducible, large-scale evaluation. In practice,
street lighting layouts are often developed using a combi-
nation of computer-aided design (CAD)/building information
modeling (BIM) and photometric simulation tools. Geometry
and documentation may be produced in platforms such as
ArchiCAD [38] and Revit [39], while lighting calculations and
visualizations are commonly performed in software packages
such as DIALux [22] and ReLux [23]. These tools are effective
for producing renderings, compliance checks, and project
documentation for a small number of candidate designs.

However, their predominant work�ows are interactive and
manual, which makes it cumbersome to systematically explore
large design spaces, conduct sensitivity analyses, or integrate
lighting evaluation into automated optimization, policy studies,
or future Internet of Things (IoT) control that accounts for
changing environmental conditions. Moreover, interoperability
constraints can limit seamless, programmatic ingestion and
comparison of luminaire photometry at scale using standard
photometric �le formats and repeatable scripts. These capabili-
ties are increasingly important for research reproducibility and
for embedding lighting analytics into broader smart-city and
IoT-enabled decision pipelines. This gap is especially limiting
for intersection lighting, where performance is highly sensitive
to coupled choices such as pole placement, mounting height,
offsets, and luminaire distribution type, and where optimizing
one objective can degrade another.
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