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Abstract

Urban greening is frequently advocated as a method to alleviate pedestrian heat stress in
hot-arid and hot-humid coastal cities; however, planting schemes are frequently designed
according to quantitative objectives rather than performance-based thermal outcomes. The
thermal comfort gains achieved by the Al-Yamamah walkway in Jeddah, Saudi Arabia, as a
result of the corridor’s vegetative transformation between 2008 and 2026 are quantified in
this study, which also explores, through a single evolutionary optimization run, whether an
alternative tree arrangement lowers mean UTCI in a separate simulation framework/The
Universal Thermal Climate Index (UTCI) was employed to reconstruct and evaluate histor-
ical and contemporary tree configurations during peak summer conditions (12:00-16:00,
July) using Autodesk Forma. The ground area under very strong heat stress was reduced
from 99% to 92% as a result of the nearly three-fold increase in in-walkway trees (from 10 to
25) and an 86% increase in canopy diameter (from 3.5 m to 6.5 m). In Rhino/Grasshopper,
a subsequent parametric optimization was conducted using the Galapagos evolutionary
solver to maintain a fixed canopy diameter of 6 m. This single optimization run identified
a 46-tree configuration as the best solution found in that run, with a mean UTCI of 40.06 °C
across the same peak window. Because tree count (25 in 2026 versus 46) and tree placement
were varied together, and because this value comes from a different tool and metric than
the Forma ground-area percentages reported for 2008 and 2026, it is presented as a separate
optimization result and not as a like-for-like improvement over the 2026 condition. The em-
pirical 20082026 comparison suggests that comfort outcomes are more strongly associated
with canopy maturation than with tree count alone, although the study design does not
allow these geometric factors to be statistically isolated from one another. Additionally, the
optimization run indicates that layouts with a lower simulated mean UTCI can be found
for a fixed 6 m canopy specification, although the separate contributions of tree count and
tree placement were not isolated. A transferable, performance-validated framework for
aligning Vision 2030 greening investments with measurable pedestrian thermal benefits in
Jeddah and analogous coastal cities is provided by the two-stage workflow, which consists
of empirical before/after assessment and evolutionary placement optimization.

Keywords: urban thermal comfort; urban greening; tree canopy; Universal Thermal
Climate Index (UTCI); thermal stress;
optimization; Jeddah
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1. Introduction

In hot-arid and hot-humid coastal environments, insufficient shade at street level
exacerbates heat exposure for pedestrians, raises surface and near-surface air temperatures,
and amplifies the urban heat island phenomenon. In Saudi Arabian urban centers like
Jeddah, the summer climate, characterized by elevated temperatures and high humidity
due to proximity to the Red Sea, can result in excessive thermal discomfort for pedestrians
during peak daylight hours, deterring walking and compromising overall urban livability
goals. Flora, especially urban trees, continues to be one of the most efficient and economical
measures for alleviating this exposure via canopy shading, evapotranspirative cooling, and
alteration of surface radiative heat exchange [1].

Notwithstanding this evidence, tree-planting initiatives in swiftly urbanizing Gulf
cities are often executed without a measurable performance objective. The dimensions
of the canopy, the spacing between trees, and the density of trees inside a corridor are
frequently dictated by aesthetic norms, financial constraints for planting, or standard
greening requirements, rather than by empirical analysis of the unique solar geometry and
pedestrian exposure characteristics of a specific corridor [2,3]. Consequently, significant
augmentations in tree population and canopy dimensions may not alleviate the funda-
mental thermal comfort shortfall, especially in corridors oriented to expose most of their
ground surface to prolonged direct sunlight throughout the day [4].

This disparity is particularly apparent within the framework of Saudi Vision 2030,
where the Quality-of-Life Program has significantly enhanced urban greening and walk-
ability infrastructure in prominent cities such as Jeddah [5]. Although this expansion is
thoroughly illustrated through enhanced canopy coverage, streetscape renovations, and
pedestrian-centric corridor improvements, there is still a lack of empirical evidence to
confirm if these measures fulfill their desired microclimatic effects [6]. Limited research has
combined a longitudinal thermal comfort evaluation before and after a genuine greening
initiative with a follow-up computational analysis to determine if the constructed design
performs well relative to alternative layouts that computational search can identify for
comparable resources, rather than simply enhancing a non-vegetated baseline.

Parametric and evolutionary optimization techniques, progressively utilized in en-
vironmental and architectural design studies, provide a solution to bridge this divide.
Instruments like Grasshopper’s Galapagos evolutionary solver, combined with verified
thermal comfort simulation engines (e.g., Ladybug Tools” UTCI implementation), en-
able researchers to progress from mere descriptive before/after analyses to prescriptive
optimization—evaluating not only the comfort achieved by a specific planting arrange-
ment but also the potential for enhanced comfort from the same canopy specification
through refined spatial distribution [7,8]. This differentiation is crucial for implementa-
tion in congested metropolitan areas, where root-zone issues, subterranean utilities, and
restricted planting space limit the number of trees that may be feasibly added, rendering
the configuration of a set tree budget as significant as its magnitude [9,10].

This research investigates the Al-Yamamah walkway in Jeddah as a case study, high-
lighting its significant vegetative changes from 2008 to 2026, transitioning from a sparse,
narrow-canopy planting design to a more robust, wide-canopy arrangement in line with
the recent Vision 2030 streetscape investments. This research utilizes the Universal Thermal
Climate Index (UTCI) as the main comfort measure to conduct an empirical, simulation-
driven analysis of pedestrian thermal stress in relation to the corridor’s historical and
contemporary vegetation arrangements. It subsequently employs a Galapagos-based evo-
lutionary optimization process, developed in Rhino/Grasshopper and integrated with
Ladybug Tools” solar and UTCI simulation engines, to identify, within the limits of a single
optimization run, a tree arrangement that lowers average UTCI throughout the corridor
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given the existing canopy parameters. This study inquires not only whether greening was
beneficial, but also whether a computational search suggests room for improvement, and
what the best arrangement identified in that search looks like transforming the corridor
from a mere descriptive case study into a reproducible, performance-validated framework.

Although UTClI-based assessment, parametric modelling, and evolutionary optimiza-
tion have each been applied individually to urban thermal-comfort problems, prior studies
have generally used these tools in isolation: either to describe existing conditions, or to
generate a hypothetical optimized layout benchmarked only against an unplanted or gener-
ically simulated baseline. The methodological gap addressed here is the absence of a single
workflow that (i) empirically documents a real, historically observed before/after greening
transformation using field-reconstructed tree geometry, and (ii) subsequently subjects the
resulting canopy specification to evolutionary spatial optimization reported alongside that
same empirically reconstructed as-built condition (using a separate simulation framework
and metric; see Sections 3.2 and 5.5), rather than a synthetic baseline. The two-stage
workflow proposed here therefore contributes a reproducible bridge between descriptive,
empirically grounded thermal-comfort assessment and prescriptive, optimization-based
design guidance—an integration that, to the authors’ knowledge, has not been jointly
demonstrated in the existing UTCI, parametric-modelling, or evolutionary-optimization
literature on urban street trees.

The main aim of this study is to create and showcase a cohesive workflow that
combines simulation and optimization to measure the thermal comfort effects of a current
street-tree initiative and to identify, through a single optimization run, a tree arrangement
that lowers simulated mean UTCI within practical spatial and canopy limitations. To direct
this aim, the subsequent research inquiries are formulated:

Q1: How significantly did the recorded rise in tree density and canopy diameter along
Al-Yamamah route from 2008 to 2026 enhance pedestrian thermal comfort, as assessed
by UTCI?

Q2: Can an evolutionary optimization method identify an alternative tree arrange-
ment (with tree count and placement varying jointly) that lowers mean UTCI in the
Rhino/Grasshopper-Ladybug framework while retaining the same canopy diameter?

Q3: In what manner can the optimized setup provide practical, data-driven planting
recommendations for forthcoming greening initiatives associated with Vision 2030 in
Jeddah and analogous coastal towns with hot climates?

2. Literature Review
2.1. The Limitations of Conventional Urban Planning in Addressing Pedestrian Heat Exposure

Conventional planning instruments—zoning ordinances, density regulations, and
landscaping codes—were not designed with pedestrian-level thermal performance as a
governing criterion, and this omission becomes consequential in hot-arid and hot-humid
coastal cities, where pedestrians’ outdoor thermal stress—not merely the buildings” indoor
energy demand that these instruments were originally calibrated to manage—directly
constrains walkability [11,12]. The underlying issue is not merely that greening require-
ments exist in weaker or stronger forms across jurisdictions, but that where they exist, they
are typically specified as a quantity—a minimum tree count, a percentage canopy-cover
target, a landscaping ratio—rather than as a performance outcome tied to solar geometry,
canopy continuity, or corridor orientation [13,14]. This distinction matters because tree
count and thermal comfort are not linearly related: shading performance is governed by
canopy diameter, spacing, and overlap acting jointly, meaning two corridors with identical
tree counts can differ substantially in achieved shade continuity, and by extension, in
pedestrian UTCI outcomes. This disconnection is significant for the current research: as
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illustrated in Section 4, the nearly three-fold increase in tree count along the Al-Yamamah
walkway from 2008 to 2026 resulted in only a marginal alleviation of severe heat stress, high-
lighting that merely quantitative greening objectives are inadequate indicators of thermal
comfort results.

2.2. UTCI and Pedestrian Thermal Comfort Assessment in Hot Climates

The Universal Thermal Climate Index (UTCI) has emerged as a prevalent measure
for assessing thermal stress on outdoor pedestrians, amalgamating air temperature, mean
radiant temperature, humidity, and wind speed into a unified physiologically informed
comfort scale [15]. The utilization of this approach in Gulf and wider MENA urban
microclimate studies has increased as scholars pursue measures that are more responsive
to radiant heat load compared to basic indices like WBGT or PET [16,17]. Coastal urban
areas like Jeddah pose a unique difficulty for UTCI evaluations, as increased humidity
exacerbates the impact of intense solar radiation, frequently relegating shaded corridors to
the most extreme UTCI stress classifications during most daylight hours [18]. This research
expands upon the existing literature by utilizing UTCI not merely as a descriptive baseline
measure, but as the objective function guiding a future spatial optimization procedure.

2.3. The Emergence of Climate-Responsive Urban Design

Climate-responsive urban design (CRUD) has emerged as a solution to the realization
that uniform planning strategies are insufficient for managing localized microclimatic
differences influenced by factors such as building height, street orientation, and surface
materials [19]. CRUD frameworks prioritize the tactical use of green infrastructure, shading
components, and passive cooling techniques to balance the interplay between climate,
location, and human comfort [20]. The disparity between CRUD’s theoretical focus on
cohesive, multifunctional green infrastructure and its practical application at the street level
is a recurring issue in this literature [20,21]. Parametric accuracy is required for elements
such as solar geometry, canopy structure, and biological spacing limitations, which standard
design guidelines are unable to provide. This implementation gap is addressed by current
research, which integrates empirical UTCI evaluations with a parametric, corridor-specific
optimization procedure.

2.4. Street Trees, Canopy Geometry, and Shade Performance

A growing body of research suggests that the efficacy of shade is more significantly
impacted by the interplay of canopy overlap, canopy diameter, and spacing than by the
mere number of trees [13]. The same number of trees positioned at greater distances
with reduced canopies may result in significant shading voids during optimal sun angles,
whereas tightly planned plantations with interlacing canopies can provide uninterrupted
shade. This concept has a direct impact on the scenario sensitivity analysis presented in
this study (Section 4.4), which identifies canopy shape as a variable that is not dependent
on the total planting budget. Parametric investigations that have employed generative
design methodologies to improve tree distribution in restricted urban configurations have
demonstrated substantial improvements in shade coverage and radiant temperature [14,20].
However, they have also cautioned that uniform-grid planting arrangements may result in
ineffective canopy overlaps rather than optimized coverage [20,21]—a conclusion that is
consistent with the rationale behind the use of evolutionary tree placement in this research,
as opposed to uniform-grid.

2.5. Computational and Evolutionary Optimization in Environmental Design

Researchers have been able to transition from static shade assessments to truly
optimized spatial arrangements by utilizing parametric modeling platforms such as
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Rhino/Grasshopper and evolutionary solvers like Galapagos. This approach involves
determining tree location and canopy characteristics as variables rather than constant
inputs [7]. In urban environments characterized by high temperatures, regions that surpass
critical thermal limits have experienced significant decreases in previous implementations
of this methodology, which integrate solar-radiation simulation with evolutionary algo-
rithms [7,8]. However, non-analytical, heuristic planting strategies are unable to account
for real-time solar geometry or pedestrian exposure patterns with the same precision [9,22].
This research specifically develops the methodological approach for a pedestrian corri-
dor in Jeddah by utilizing UTCI as the optimization fitness metric, rather than relying
solely on shaded-area percentage or MRT. The optimized results are reported alongside an
actual, empirically reconstructed as-built condition, rather than a purely simulated base-
line, although the two are evaluated with different tools and metrics and are not directly
comparable [23,24].

2.6. Saudi Vision 2030 and Urban Greening Policy

Saudi Arabia’s Vision 2030 initiative, particularly its Quality-of-Life Program, has
placed a high priority on the enhancement of public spaces, urban greening, and walkability.
This has led to significant streetscape investments in critical cities, including Jeddah [25].
There is a scarcity of published, performance-validated evidence that verifies whether
these interventions achieve their intended thermal comfort objectives, rather than merely
enhancing vegetative cover, despite the significant physical greening that has been induced
by this policy, as evidenced by the tree density and canopy growth recorded along the
Al-Yamamah walkway from 2008 to 2026 [26,27]. This research is situated within the policy
framework, offering an empirical and computational approach to evaluate and improve
the current greening initiatives, rather than proposing greening as a theoretical solution.

3. Methodology
The following Figure 1 showcased the overall methodology of the paper.

METHODOLOGY FLOW: TWO-STAGE COMPUTATIONAL PIPELINE FOR URBAN THERMAL OPTIMIZATION
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Figure 1. Methodology Flow. Source: Authors.
3.1. Study Area

The Al-Yamamah promenade in Jeddah, Saudi Arabia, was chosen as the case corri-
dor for the study due to its substantial and well-documented vegetative transformation
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between 2008 and 2026, which coincided with Saudi Vision 2030’s greening and walkability
initiatives [28]. The physical foundation for the tree configuration comparison presented in
Section 4 was established by utilizing historical and current aerial imagery of the corridor.
The corridor, a linear pedestrian path that is north—south oriented and flanked by mid-rise
residential and institutional buildings, was reconstructed as a 3D site context model that
includes the massing of adjacent buildings. This was done to capture the shadow-casting
conditions that are relevant to the environmental analyses delineated below.

3.2. Software Framework: A Two-Stage Computational Pipeline

This research implemented two computational environments that were complemen-
tary and each appropriate for a specific phase of the analysis. Thermal simulations were
conducted using Autodesk Forma, accessed in June 2026. Autodesk Forma was employed
to document the real-world tree configurations of 2008 and 2026, as well as to conduct
the corresponding baseline and as-built UTCI assessments (Sections 3.3 and 3.4). The
built-in microclimate analysis engine, which utilizes Copernicus ERAS reanalysis weather
data [15] and Global Wind Atlas 3.0 wind data [29], was employed. The parametric tree-
placement optimization (Section 3.5) was subsequently conducted using Rhinoceros 3D
and Grasshopper, the Ladybug Tools module suite (v1.8), and the Galapagos evolutionary
solver, which is a capability that is not currently included in Forma’s conceptual-design
feature set. The study was able to integrate the efficiency of Forma for rapid, context-rich
environmental analysis of actual site conditions with the capacity of Grasshopper for open-
ended parametric search through this two-stage pipeline. Because Autodesk Forma and the
Rhino/Grasshopper-Ladybug Tools pipeline compute mean radiant temperature through
different underlying radiation and view-factor algorithms, the two environments are not
guaranteed to produce numerically identical UTCI outputs for an identical geometry; this
two-stage pipeline is therefore used to obtain the best available result from each tool for its
respective task (real-condition documentation in Forma; spatial optimization in Grasshop-
per) rather than to guarantee strict cross-tool numerical equivalence, a limitation addressed
further in Section 5.5. Accordingly, results from the two environments are reported sepa-
rately, and no direct quantitative improvement between the 2026 and optimized conditions
is inferred.

3.3. Field-Documented Tree Configuration: 2008 and 2026 Conditions

The corridor’s tree population and canopy geometry were documented for two real,
historically distinct conditions—the 2008 configuration and the current (2026) as-built
configuration—by reconstructing each condition as a 3D context model in Autodesk Forma,
using historical and current aerial imagery as a spatial reference for tree location, count,
and approximate canopy extent.

Tree locations were digitized manually from georeferenced historical (2008) and cur-
rent (2026) high-resolution aerial imagery (Google Earth Pro), with each canopy centroid
marked as a point and cross-checked against ground-level photographs of the corridor
where available. Tree counts were obtained by direct enumeration of discrete canopy masses
visible in the imagery; where adjacent canopies had merged into a continuous mass in the
2026 imagery, individual stems were distinguished using shadow-cast boundaries and,
where accessible, corridor-level photographic surveys. Canopy diameter and radius for
each condition were estimated by measuring the horizontal extent of representative canopy
masses in the imagery at known scale and averaging across a sample of trees per condition,
rather than measuring every individual tree; tree height was estimated from shadow-length
analysis calibrated to solar elevation angle at the image capture date and cross-referenced
against typical mature heights for the species observed. These reconstructions carry inher-
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ent uncertainty: aerial-imagery resolution limits the precision of individual-tree boundary
delineation, particularly where canopies overlap; the 2008 imagery is of lower resolution
than the 2026 imagery, so the historical canopy and height estimates carry a wider margin
of error than the as-built values; and averaging canopy dimensions across trees within
each condition necessarily smooths over real tree-to-tree variability. The reported 2008 and
2026 parameters (Tables 1 and 2) should therefore be read as best-estimate representative
values for each condition rather than as survey-grade measurements of every individual
tree. The as-built 2026 canopy diameter documented through this process is reported
in Table 2 as 6.5 m (Section 4.1); this is the field-reconstructed value referenced by the
parametric optimization in Section 3.5, which instead uses a rounded 6 m specification, as
clarified there.

Table 1. Tree count by condition.

Condition Trees Within Walkway Trees Along Both Sides Total Trees
2008 (historical) 10 34 44
2026 (as-built) 25 50 75

Source: Authors.

Table 2. Canopy geometry by condition, with percentage change.

Parameter 2008 (Historical) 2026 (As-Built) A Change
Average spacing 11m 6m —45%
Tree height 5m 8 m +60%
Canopy radius 1.75m 325m +86%
Canopy diameter 3.5m 6.5m +86%
Shade continuity Low High —
Canopy overlap None Moderate —

Source: Authors.

3.4. Baseline and As-Built UTCI Assessment (Autodesk Forma)

Pedestrian thermal comfort for both the 2008 and 2026 conditions was evaluated in
Autodesk Forma using the Universal Thermal Climate Index (UTCI), a physiologically
based index integrating air temperature, mean radiant temperature, relative humidity, and
wind velocity into a single equivalent-temperature comfort scale [16]. UTCI was selected
over alternative indices (e.g., PET, WBGT) for its established sensitivity to radiant heat
load, particularly relevant in a coastal, high-solar-exposure context such as Jeddah [30].
For each condition, the corresponding tree geometry (Tables 1 and 2) was placed within
the 3D site context model, and Forma’s microclimate analysis tool was run to generate
ground-level UTCI classifications across the corridor and surrounding site extent. In the
absence of a resolved site-specific wind-flow simulation, the tool’s default assumption of a
uniform 1 m/s wind speed across the site was applied. Weather inputs were obtained from
Forma’s integrated Copernicus ERA5 dataset, with wind conditions referenced against
Global Wind Atlas 3.0 data. The analysis was conducted for a representative peak-exposure
window (12:00-16:00, 21-22 July), which corresponds to the period of highest cumulative
solar radiation and pedestrian heat risk. The results were presented as the percentage of
ground surface area that fell within each UTCI heat-stress category (e.g., “very strong heat

e

stress,” “strong heat stress”) for both a corridor-focused extent and a wider surrounding site
extent. This allowed for a direct comparison of thermal performance between the 2008 and
2026 real-world conditions (Sections 4.2 and 4.3). In order to contextualize the corridor’s
underlying solar exposure independent of vegetation, a complementary sun-hours analysis
was also computed in Forma for each condition. This analysis quantified the percentage

of ground area receiving direct sun for at least three hours within the same time window.
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The 21-22 July, 12:00-16:00 window was selected because it corresponds to the period of
solar culmination around the summer solstice at Jeddah's latitude, when solar altitude and
cumulative direct-beam radiation on a north—-south corridor are at their annual maximum;
this window therefore represents a worst-case, peak-exposure scenario for pedestrian
thermal stress rather than a typical or average summer condition, and the reported UTCI
values should be interpreted accordingly. The uniform 1 m/s wind speed reflects Forma’s
default microclimate assumption in the absence of a resolved computational-fluid-dynamics
wind-flow simulation for the corridor; because UTCI is sensitive to wind speed through
its influence on convective heat loss, this simplification likely overstates thermal stress in
more wind-exposed segments of the corridor and understates it in more sheltered, building-
flanked segments, and the absolute UTCI values reported here should be read as indicative
of relative, rather than absolute, spatial and temporal comfort differences.

3.5. Parametric Tree Placement and Evolutionary Optimization (Rhino/Grasshopper/Galapagos)

Based on the as-built canopy geometry documented in Forma (Section 3.3; 6.5 m di-
ameter, rounded to 6 m for the optimization as justified below), a parametric optimization
process was created in Rhino/Grasshopper to search for the tree arrangement within the
walkway that gives the lowest mean UTCI the solver could identify—exploring whether
layouts that perform better in the Ladybug framework exist for that canopy specification,
with both tree count and placement free to vary. Parametric modelling and evolution-
ary optimization were performed using Rhino and Grasshopper (v2024), including the
Galapagos evolutionary solver. This phase necessitated Grasshopper’s parametric and
evolutionary-solving functionalities, which surpassed the existing analytical skills of Forma.
A rounded 6 m diameter, rather than the measured 6.5 m as-built value, was adopted as
the fixed genome parameter to provide a slightly conservative canopy assumption and to
align with a standard nursery-stock specification available for future planting; this 0.5 m
rounding is a deliberate simplification, and any lower mean UTCI found for the optimized
configuration reflects the combined effect of tree count and tree placement under an equal-
or-smaller canopy than the true as-built condition, rather than a larger canopy, and cannot
be attributed to spatial redistribution alone.

Site constraint definition. The walkway’s plantable area was extracted as a bounded
planar surface via a Boolean union of its constituent path geometry, ensuring all candidate
tree positions were generated strictly within the walkway’s physical extent.

Candidate point generation. Tree positions were generated using Grasshopper’s
Populate Geometry component, distributing points constrained to the walkway surface as
a function of a target count (N) and random seed (S).

Genome definition. Tree count (N) and distribution seed (S) were exposed as
Grasshopper number sliders connected to the Galapagos genome pool, allowing the
solver to search for candidate tree quantities and spatial distributions within the walkway
boundary. Canopy diameter was held fixed at 6 m throughout, rounded down from the
6.5 m as-built 2026 value, so that canopy size did not vary between candidate layouts.
Note that tree count (N) was also a free variable, so the optimization explores count and
placement jointly.

Fitness function. For each candidate configuration, the corresponding tree geometry
was evaluated using Ladybug Tools” MRT and UTCI simulation components (replicating
Forma’s UTCI methodology within the Grasshopper environment to enable iterative solver
evaluation), and the resulting mean UTCI across the analysis period was returned to
Galapagos as the fitness value, with the solver configured to minimize this value.

Solver configuration. The evolutionary solver was run using a population size of
50 individuals per generation, an initial population boost factor of 2, an elitism (“maintain”)

https://doi.org/10.3390/architecture6040196


https://doi.org/10.3390/architecture6040196

Architecture 2026, 6, 196

9of 22

rate of 5%, and an inbreeding rate of 75%, with a stagnation limit of 50 generations without
fitness improvement used as the convergence criterion [31].

Convergence and output extraction. The best-performing genome identified across all
generations was reinstated into the live Grasshopper definition, and the corresponding tree
count, positions, and resulting hourly UTCI values were extracted for reporting (Section 4.5).
Fitness convergence across generations was recorded to verify solver stability. A single
optimization run was conducted to obtain the reported 46-tree configuration; the robustness
of this result to solver stochasticity is discussed as a limitation in Section 5.6. Accordingly,
the 46-tree arrangement is referred to throughout as the best solution identified in the
reported run, not as a proven optimum; this manuscript reports one run, with no additional
independent runs or sensitivity tests.

3.6. Data Extraction and Visualization

Hourly UTCI findings from the optimization phase were transformed from Ladybug’s
inherent data-collection format into distinct numerical values, facilitating statistical sum-
mation (mean, minimum, maximum) and color-gradient representation of thermal comfort
outcomes. A uniform color-gradient domain was continually utilized throughout 2008,
2026, and optimized scenarios to guarantee visual consistency among results produced in
the two software environments. This shared color scale ensures visual comparability only;
it does not make the Forma and Ladybug outputs numerically equivalent.

4. Results
4.1. Tree Configuration and Canopy Geometry, 2008—2026

The corridor’s tree population and canopy geometry were documented for two real,
historically distinct conditions—2008 and the current (2026) as-built state—using historical
and current aerial imagery and 3D context reconstruction in Autodesk Forma (Section 3.3)
as seen in Figure 2. Two complementary parameter sets were recorded: tree count (Table 1)
and canopy geometry (Table 2).

Figure 2. Aerial comparison of the study corridor, 2010 and 2026, showing the expansion of canopy
cover along the walkway. Source: Google Earth.

The number of trees situated within the walkway itself and along the flanking roadway
margins for each condition is reported in Table 1. Between 2008 and 2026, the number of
trees in the in-walkway area nearly tripled, from 10 to 25 trees. Similarly, the number of
trees on the roadside increased from 34 to 50 trees.
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Table 2 provides the corresponding canopy geometry, including the average spac-
ing, tree height, canopy radius, and diameter, as well as the resulting shade continuity
and canopy overlap condition. In 2008, the trees were more widely spaced (approxi-
mately 11 m), shorter (approximately 5 m), and had a narrower canopy (approximately
1.75 m radius; 3.5 m diameter), resulting in low shade continuity and no canopy overlap.
By 2026, the spacing had been reduced by approximately 6 m, the tree height had increased
by approximately 8 m, and the canopy radius had nearly doubled (approximately 3.25 m in
radius and 6.5 m in diameter). This resulted in a moderate amount of canopy overlapping
and high shade continuity. Notably, the canopy diameter increased by nearly 86% while the
spacing was reduced by only 45%. This is consistent with canopy maturation, rather than
densification alone, being an important contributor to the transition to continuous shade,
although the factors changed simultaneously and cannot be separated in this before/after
design (Section 5.1).

4.2. Empirical Before-After Comparison (2008 — 2026) and Separately Reported
Optimization Result

Table 3 places the three conditions side by side for reference only. Its first two columns
(2008 and 2026; Autodesk Forma; percentage of ground area per UTCI category) constitute
the empirical before-after finding. Its third column (best solution identified in one Gala-
pagos run; Rhino/Grasshopper-Ladybug; mean UTCI) is a separate optimization result
that is not numerically comparable with the first two, so no quantitative improvement
between the 2026 and optimized conditions is claimed. The 2008 and 2026 conditions are
reported as the percentage of ground area within each UTCI heat-stress category, whereas
the optimized configuration is reported as a mean UTCI value across the peak window;
these are related but not numerically equivalent metrics, and the comparison below should
be read with that distinction in mind (see Section 5.5).

Table 3. Comparative performance card—2008 historical, 2026 as-built, and Galapagos-optimized
conditions. Columns 1-2 (Forma; ground-area percentage) are the empirical before-after comparison;
column 3 (Ladybug; mean UTCI) is a separate optimization result and is not directly comparable
with them.

Best-Identified Galapagos (Separate Tool

2008 Historical 2026 As-Built and Metric)
Sparse, Non-Overlapping Canopy Dense, Overlapping Canopy B“t'”e?f;’ziiﬁfty ?/Z;g) ot and

e
In-walkway trees In-walkway trees In-walkway trees
10 trees 25 trees 46 trees
Canopy diameter Canopy diameter Canopy diameter
3.5m 6.5m 6 m (fixed)
Shade continuity/overlap Shade continuity/overlap Shade continuity /overlap
Low - none High - moderate Redistributed - targeted
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Table 3. Cont.

2008 Historical

2026 As-Built Best-Identified Galapagos (Separate Tool

and Metric)
Very strong heat stress Very strong heat stress Mean UTCI, peak hours *
(ground area) (ground area) 40.06 °C
99% 92% corridor/95% wide ’

Best solution found in one Galapagos run (46 trees,

Near-uniform severe heat stress across the full Densification and canopy overlap measurably 6 m canopy). Both tree count and placement
corridor. A 3.5 m canopy at wide, reduice severe heat stress, but the majority of varied, and the mean UTCI comes from a different
non-overlapping spacing leaves the ground ground area remains in the most severe UTCI tool and metric, so no quantitative improvement
plane almost entirely exposed during peak category—yplanting alone does not resolve over the 2026 column is implied. [Comments 1,2 &

sun hours. the deficit. 3: replaces the claim that redistribution “extracts

further comfort gain”]

Source: Autodesk Forma microclimate simulation (2008, 2026) and Rhino/Grasshopper—Ladybug
Tools—Galapagos evolutionary optimization (optimized), authors” analysis. * The optimized con-
dition is reported as a mean UTCI value across five representative daytime hours rather than a
ground-area heat-stress percentage; see Section 4.4 and the note on cross-metric comparability in
Section 5.5. The third column is not on the same metric as the first two, so it should not be read as a
quantitative improvement over the 2026 condition.

4.3. Solar Exposure Context

The pattern observed above is corroborated by solar exposure analysis: the corridor’s
north—south alignment relative to the summer sun path results in the majority of ground
area receiving more than three hours of direct sun during the 12:00-16:00 window. This
figure is 83% of ground area under the 2008 tree layout and increases to 97% under the
2026 layout (a sun-hours metric independent of the UTCI comfort classification).as seen
in Figure 3. This elucidates why a significant portion of the walkway remains in the most
severe UTCI category, despite a near-tripling of the number of trees in the walkway and
an 86% increase in canopy diameter: the corridor’s orientation generates a structurally
high solar exposure load that was only partially mitigated by the canopy growth observed
between 2008 and 2026.

< Sun hours 2

Settings
Date July 21
Time interval 12:00 - 16:00

o Show results Ground

Highlights

83 ground receives direct sun for at
least 3 hours.

Ground v

Y

art vy
%

& w N B O
o or W oN e

Total 39237 100

F o PO

Figure 3. Cont.
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O~ Sun hours

Settings

Date July 21
Time interval 12:00 - 16:00

Show results Ground

Highlights

97 jround receives direct sun for at
9 least 3 hours.

Ground v

> W N = O
> W oN e
®

Total

Figure 3. Sun-hour exposure across the corridor, 12:00-16:00, July 21, historical (top) vs. current
(bottom) tree layout. Source: Authors.

4.4. Best-Identified Configuration from the Optimization Run: Hourly Performance

The best-identified Galapagos configuration (single run), which consists of
46 in-walkway trees at a fixed 6 m canopy diameter. was assessed during five repre-
sentative daytime hours (12:00-16:00, July 22). The mean UTCI for the analysis window
was 40.06 °C, with a range of 38.82 °C (16:00) to 40.83 °C (14:00) as seen in Figures 4 and 5.
This is in line with the anticipated diurnal peak in solar heat burden during the early-to-mid
afternoon (Table 4). This is the best solution identified in the single reported run, not a
demonstrated global optimum. Its mean UTCI is a Ladybug-based value that is not directly
comparable with the Forma ground-area percentages for 2008 and 2026, and because the
genome allowed tree count (25 in 2026 versus 46 here) as well as placement to vary, the
result cannot be attributed to spatial redistribution alone.

Display @@ @@ B Reinstate 5)}0"@ ¢}

Displey D@9 @ il

46 trees

Figure 4. Galapagos-optimized tree distribution (46 trees, 6 m canopy diameter) along the walkway
surface. Source: Authors.
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N\

y ?
Material §

Figure 5. Extracted hourly UTCI values (top) and gradient-mapped visualization (bottom) for the
optimized configuration. Source: Authors.

Table 4. Hourly UTCI values under the optimized (46-tree) configuration.

Hour (July 22) UTCI (°O)

12:00 39.94

13:00 40.60

14:00 40.83

15:00 40.11

16:00 38.82

Mean 40.06
Range (min-max) 38.82-40.83

Source: Authors.

4.5. Optimization Convergence

Fitness values stabilized after successive generations without further improvement,
indicating that the fitness landscape had converged for this run (Figure 6). This conver-
gence behavior indicates that the search stagnated at the reported solution, which is the
best solution identified in the single Galapagos run conducted; because Galapagos is a
stochastic evolutionary solver, single-run convergence does not by itself establish that the
46-tree configuration is a global optimum. Multiple independent runs with varied random
seeds, together with a sensitivity analysis of the genome parameters (population size,
mutation/inbreeding rates), would be required to fully establish solution robustness—a
limitation acknowledged in Section 5.6 and identified as a priority for follow-up work. For
this reason, the 46-tree arrangement is described throughout as the best solution identified
in the reported run rather than as the optimal configuration.

"
o

Figure 6. Optimized tree placement (left) and Galapagos fitness convergence plot (right), confirming
solver stability at the reported optimum. Source: Authors.
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4.6. Statistical Analysis of Thermal and Geometric Trends

To quantify the magnitude and direction of change across the three conditions, de-
scriptive statistics and relative-change metrics were computed from the primary simulation
outputs. The in-walkway tree count increased by 150% from 2008 to 2026 and by a further
84% from the 2026 as-built state to the optimized configuration (Figures 7-9). Canopy
diameter expanded by 86% over the same historical interval, while average spacing con-
tracted by 45%. The percentage of ground area under very strong heat stress declined by
only 7 percentage points (from 99% to 92%), illustrating a markedly non-linear relationship
between planting intensity and thermal relief. Tree-count and canopy-geometry changes
are reported for all three conditions, but heat-stress outcomes are compared quantitatively
only between 2008 and 2026, where the same Forma metric was used; the 40.06 °C value
from the optimization run is not compared numerically with them.

Tree Count Comparison Across Conditions

B In-walkway trees

50 1 m=m Roadside trees

]

Number of Trees
w
o

=
:

10 1

2008 2026 Optimized
Historical As-Built Galapagos

Figure 7. Tree-count comparison across the 2008 historical, 2026 as-built, and Galapagos-optimized
conditions.

Canopy Geometry Changes 2008-2026

11.0 e 2008 Historical

2026 As-Built

Value (m)

Canopy Diameter (m) Average Spacing (m) Tree Height (m)

Figure 8. Changes in canopy diameter, average spacing, and tree height between 2008 and 2026.
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Reduction in Very Strong Heat Stress (UTCI)

2008 — 2026
105 1

—

o

o
L

99%

95

90

Ground Area under Very Strong
Heat Stress (%)

©
(5
L

80 -

2008 Historical 2026 As-Built 2026 As-Built
(Corridor) (Wide)

Figure 9. Percentage of ground area under very strong heat stress (UTCI) for the 2008 and
2026 configurations.

The optimized layout results in hourly UTCI values that exhibit a distinct diurnal
pattern. These values increase from 39.94 °C at 12:00 to a climax of 40.83 °C at 14:00 and
then decrease to 38.82 °C at 16:00 (Figures 10 and 11). The redistributed canopy maintains
relatively stable comfort conditions throughout the peak window, as evidenced by the low
coefficient of variation across the five hours (approximately 1.9%). The average temperature
of 40.06 °C is still classified as “strong heat stress” in the UTCI system. This underscores
the fact that the most extreme conditions are systematically reduced in intensity and spatial
extent, despite the optimized placement of a 6 m canopy, which does not eliminate severe
stress under Jeddah’s midsummer solar load.

Hourly UTCI under Galapagos-Optimized Configuration

" (46 trees, 6 m canopy)
— = Mean UTCI =40.06 °C

Peak heat

42 4 stress

UTCI (°C)

12:00 13:00 14:00 15:00 16:00
Hour (July 22)

Figure 10. Hourly UTCI under the Galapagos-optimized 46-tree configuration (mean = 40.06 °C).

Collectively, these statistical summaries are consistent with the descriptive finding
that canopy maturation may deliver larger comfort gains than simple tree-count increases,
although the study design cannot isolate these factors (Section 5.1). The 150% rise in in-
walkway trees produced only a 7-point reduction in the most severe heat-stress category,
whereas the separate optimization run reports a mean UTCI of 40.06 °C for a 46-tree layout
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at a fixed 6 m canopy; because that value comes from a different tool and metric, and
because tree count and placement varied together, it is not read here as a quantified further
improvement over the 2026 condition or as evidence of the separate effect of placement.

Relative Changes from 2008 to 2026

Very Strong
Heat Stress
(reduction)

Spacing
(reduction)

Canopy
Diameter

Tree Count +150%

(in-walkway)

F T T T T

0 20 40 60 80 100 120 140 160 180
Percentage Change (%)

Figure 11. Relative percentage changes in key metrics from 2008 to 2026, highlighting the disparity
between planting effort and thermal-comfort return.

5. Discussion

5.1. Vegetation Growth Outpaced Densification—And Comfort Gains Followed Canopy,
Not Count

The 2008-2026 comparison demonstrates an asymmetry that is worth emphasizing;:
the number of trees in the walkway nearly tripled (10—25), but the canopy diameter
increased by a comparable 86% (3.5 m—6.5 m) and the spacing constricted by only 45%.
The observed decrease in severe heat stress (99%—92%) is more directly explained by the
resulting shift from a non-overlapping to a moderately overlapping canopy, rather than the
raw tree count. This reframes a prevalent planning heuristic: the under-crediting of the
comfort return that is explicitly derived from canopy maturation and overlap, as well as the
over-crediting of simple tree addition, when budgeting greening investment by tree count.
These observations align with earlier parametric studies that identified canopy continuity—
rather than stem density—as the dominant control on mean radiant temperature reduction
in hot-arid street canyons [32,33]. Similar non-linear relationships between tree number
and shade efficacy have been reported in Mediterranean and Middle-Eastern urban forestry
assessments, reinforcing the need for performance-based rather than purely quantitative
planting standards [34,35]. This interpretation should be treated with appropriate caution:
because tree number, canopy diameter, tree height, spacing, and canopy overlap all changed
simultaneously between 2008 and 2026, the present before/after design cannot statistically
isolate the independent contribution of any single geometric parameter to the observed
change in UTCI. The relative-magnitude comparison presented here—a 150% change in
tree count versus an 86% change in canopy diameter, against a 7-percentage-point change
in heat-stress area—is suggestive of canopy geometry as the more influential factor, but
it is a descriptive association rather than a controlled attribution; a parametric sensitivity
analysis that varies each geometric factor independently would be required to formally
isolate their relative contributions.
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5.2. Planting Alone Plateaus Before It Resolves the Problem

Even after this substantial 2008—2026 transformation, 92-95% of the corridor’s ground
area remained in the most severe UTCI category. This is the paper’s central practical finding:
conventional greening—however well-funded and visually substantial—appears to plateau
well short of resolving pedestrian thermal stress on a structurally high-exposure, north—
south corridor. The sun-hours analysis (Section 4.3) clarifies why: rising canopy cover
increased the 9+ hour direct-sun-free fraction only modestly relative to the corridor’s
underlying solar geometry, which is fixed by orientation and building massing rather than
vegetation. In corridors with this exposure profile, tree planting should be understood
as a necessary but not sufficient intervention—a finding with direct budget-planning
implications for future Vision 2030 streetscape phases. Comparable plateaus have been
documented in other Gulf and North-African studies where high solar altitudes and narrow
street canyons limit the marginal benefit of additional canopy once a baseline coverage
threshold is reached [11,36].

5.3. The Optimization Run Identifies a Lower-UTCI Layout, but Tree Count and Placement
Are Confounded

The best-identified Galapagos layout (single run), which includes 46 in-walkway trees,
nearly double the as-built count, obtained a mean UTCI of 40.06 °C during peak hours
at a 6 m canopy diameter (rounded from the 6.5 m as-built value). This enhancement
reflects the combined effect of a larger tree count (46 vs. 25) and spatial redistribution at
constant canopy diameter, which this single-objective run does not separate; the solver
concentrates trees in the corridor segments with the highest solar exposure in this run,
rather than spacing them at a fixed uniform interval as the as-built layout does [31]. Canopy
diameter was held constant, but tree count was a free variable, so this result cannot be
attributed to spatial redistribution alone: the relative contribution of “where” (placement)
versus “how many” (count, from 25 to 46) was not separated, and a controlled comparison
at a fixed tree count (for example, 25 optimized trees against the 25 as-built trees) would
be needed to isolate it. The methodological contribution of the paper is therefore the
two-stage workflow itself and the identification of a lower-UTCI candidate layout, not a
demonstrated advantage of placement over tree number. In space-constrained corridors,
where root zones, utilities, and paving width limit the number of trees that can be added,
such a fixed-count comparison would be the most informative next step. The use of
evolutionary search is consistent with a growing body of generative-design literature
that has reported advantages of evolutionary or multi-objective search over uniform-grid
planting for both shade continuity and outdoor thermal comfort [37-40]

5.4. Reading the Comparative Card: A Design Heuristic

The comparative card illustrated in Table 3 is intentionally designed to render one
relationship immediately apparent: as the corridor progresses from left to right—from
2008 to 2026 to optimized—both canopy geometry and spatial logic evolve, despite the tree
count alone implying a straightforward linear narrative. The 2008 column shows sparse,
non-overlapping canopy paired with near-total heat stress; the 2026 column shows dense,
overlapping canopy paired with partial, spatially uneven relief; the optimized column
shows a separately simulated 46-tree layout at a fixed 6 m canopy (versus 25 trees at 6.5 m in
2026), so it differs from 2026 in both tree count and placement and is not on the same metric.
Read with that caveat, the columns suggest a tentative planting sequence: first consider
canopy dimensions and continuity (as evidenced by the 2008—2026 comparison), then
use computational placement search with tree count treated as an explicit design variable
(as explored, though not isolated, in this study’s optimization), instead of relying on tree
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quantity alone. This heuristic echoes climate-responsive urban design principles that call
for site-specific, performance-driven green infrastructure rather than generic landscaping
ratios [41,42]

5.5. Alignment with Saudi Vision 2030, and a Note on Cross-Tool Metrics

These findings directly support Vision 2030’s Quality of Life Program objectives
around urban greening and walkability and empirically validate the direction of Jeddah'’s
2008-2026 streetscape investment while identifying where it falls short of its likely in-
tent [43-45]. A performance-validated, two-stage protocol—document and assess real
conditions in a fast, context-rich tool such as Forma; then optimize placement in a para-
metric environment such as Grasshopper/Galapagos—offers planners a replicable method
for evaluating and improving future greening investments before construction, rather
than after.

A crucial point of transparency is required: the conditions for 2008 and 2026 were
analyzed in Autodesk Forma and expressed as a percentage of ground area within each
UTCI stress category, whereas the optimized configuration was assessed in Grasshop-
per/Ladybug and conveyed as an average UTCI value over representative hours, given
that Forma’s optimization functionality does not encompass evolutionary spatial search.
Despite both engines employing the identical UTCI framework, their MRT computation
processes may not yield numerically equivalent results, and the two metrics reported
(area-percentage versus point-based mean) are not strictly interchangeable. Reassessing
a Forma-based area categorization for the enhanced layout—bridging the gap between
the two instruments—is recognized as the most immediate subsequent action for future
endeavors and is regarded here as a constraint rather than obscured as a direct comparison.
This cross-tool difference means that Table 3 does not support a quantitative improvement
claim between the 2026 and optimized conditions: the 2008-2026 results are the empirical
before-after finding, and the 40.06 °C value is a separate optimization result. A like-for-like
comparison would require re-evaluating the optimized layout in Forma, or the 2008 and
2026 layouts in Ladybug, with a common metric, which is left for future work.

5.6. Limitations

This analysis is based on a single corridor and a discrete simulation window
(12:00-16:00, 21-22 July), which captures peak-stress conditions but does not represent
full annual or diurnal variability. The confidence that the 46-tree configuration represents
a stable global optimum rather than a single favorable convergence would be enhanced
by conducting multiple optimization runs, as Galapagos utilizes a stochastic evolutionary
solver. Wind effects were maintained at a constant 1 m/s throughout the site in both the
Forma and Grasshopper analyses, in accordance with the default microclimate assumption
of each tool in the absence of a resolved wind-flow simulation. This simplification may
understate or overstate comfort in more wind-exposed or sheltered segment of the corridor.
Finally, Table 3 should be read as a side-by-side presentation of an empirical before—after
comparison (2008 and 2026) and a separate optimization result, not as a three-way quanti-
tative comparison, until a common metric is applied to all three conditions (Section 5.5). In
addition, the optimization genome allowed both tree count and distribution to vary, and
no controlled comparison at a fixed tree count was performed; the contributions of “where”
and “how many” are therefore confounded and cannot be separated here. Because only
one Galapagos run was conducted, the 46-tree arrangement should be understood as the
best solution identified in that run, not as an optimal configuration.
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6. Conclusions

In this study, the thermal-comfort trajectory of the Al-Yamamah walkway in Jeddah
was quantified, transitioning from a sparse 2008 planting regime to a denser 2026 con-
figuration. Additionally, a single evolutionary optimization run was used to explore an
alternative arrangement for a comparable canopy diameter. The empirical comparison
demonstrated that the recorded increase in tree density and canopy size resulted in a
measurable but limited reduction in the most severe UTCI category—from 99% to 92% of
ground area—despite a 150% increase in in-walkway trees and an 86% increase in canopy
diameter. This was in response to the three research questions posed at the outset. A single
Galapagos run, in which both tree count and placement varied, identified a 46-tree layout of
6 m canopy diameter with a mean peak-hour UTCI of 40.06 °C in the Rhino/Grasshopper—
Ladybug framework. Because this value comes from a different tool and metric than the
Forma results for 2008 and 2026, it is reported as the best solution identified in that run,
not as a quantified improvement over the as-built 2026 condition, and it does not by itself
show that the as-built arrangement is suboptimal or that placement matters more than tree
count. These results provide practical, data-driven planting advice: When designing future
Vision 2030 streetscape interventions in north—south corridors of similar solar exposure,
prioritize canopy continuity and evaluate tree placement and tree count jointly, rather than
relying on uniform spacing or simple head-count objectives.

The research contributes a reproducible two-stage workflow that combines evolution-
ary spatial search with a rapid, context-rich microclimate assessment of real conditions.
Consequently, greening practice transitions from descriptive inventory to prescriptive
performance optimization. The statistical analysis of the geometric and thermal metrics
indicated a non-linear association between planting effort and comfort return, suggest-
ing that canopy maturation may influence outcomes more strongly than absolute tree
numbers, although this cannot be attributed to any single factor given the study design.
In space-constrained corridors, where root zones and utilities limit the number of trees
that can be added, the relative value of “how many” versus “where” remains an open
question, because tree count and placement varied together in the optimization and no
fixed-count comparison was made. The results empirically validate the direction of Jed-
dah’s recent greening investments and suggest, pending a fixed-count comparison and a
common metric, that algorithmic search may identify layouts with lower simulated UTCL
In summary, the 150% increase in in-walkway tree count, 86% increase in canopy diameter,
and 45% reduction in average spacing between 2008 and 2026 corresponded to only a
7-percentage-point reduction in severe heat-stress area (99% to 92%), while a separate
single-run evolutionary optimization, in which tree count and placement varied together,
identified a best-solution 46-tree, 6 m-canopy configuration with a mean peak-hour UTCI of
40.06 °C (range 38.82—40.83 °C across the analysis window). The optimization value is not
directly comparable with the Forma-based 2008 and 2026 results. These findings should be
read in light of the study’s scope a single corridor, a limited summer peak-exposure window,
a uniform wind-speed assumption, and the cross-tool metric comparability constraints
discussed in Sections 5.5 and 5.6.

In order to evaluate the transferability of the observed placement patterns, future
research should expand the analysis to encompass multiple corridors with varying orien-
tation and aspect ratios. The integration of comprehensive diurnal and seasonal weather
files would enable the evaluation of annual comfort hours, rather than relying solely on
peak-window means. The current uniform 1 m/s assumption simplifies wind-flow in-
teractions, which could be captured by combining the UTCI optimization with resolved
computational fluid dynamics. The confidence in global optimality would be enhanced
by the use of alternative meta-heuristics, such as genetic algorithms with multi-objective
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fitness landscapes, or multiple independent Galapagos runs. Additional genome variables,
such as species-specific canopy growth trajectories, root-volume constraints, and life-cycle
cost metrics, could be implemented to facilitate multi-objective optimization that effectively
balances biodiversity, maintenance burden, and thermal performance. Lastly, the cross-tool
metric gap can be bridged by re-evaluating the optimized layout within a single simulation
engine. This would enable fully commensurate before-after—-optimized comparisons and
further solidify the evidence base for performance-driven urban forestry under Saudi
Vision 2030 and comparable climate-adaptation programs in hot coastal cities. A controlled
comparison at a fixed tree count (for example, optimizing the placement of 25 trees against
the as-built 25) would separate the effect of “where” from that of “how many”.
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