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Abstract

This study presents a participatory urban digital twin that embeds fairness-constrained multi-objective Bayesian
optimization to co-design budget-feasible investments that raise quality of life (QoL) while bounding neighborhood
shortfalls. The research addresses the gap between technically capable urban digital twins and decision processes that
deliver distributionally equitable outcomes. The objective was to quantify how equity-aware optimization, paired with
transparent explanations, alters citywide QoL tradeoffs under fiscal limits. A cityscale twin for Riyadh integrated
environmental sensing (PM. 5, temperature, wind, noise), 15-minute accessibility modeling from OpenTripPlanner,
and Highway Safety Manual empirical-Bayes safety prediction. Districtlevel QoL indices were constructed for thermal
comfort, clean air, accessibility, and street safety; fairness was encoded as average shortfall constraints relative to the
city median. Gaussian-process surrogates with g-Expected Hypervolume Improvement guided portfolio search; SHAP
attributions and integer-constrained counterfactuals supported stakeholder deliberation. Under a 246.0-million SAR
plan, median UTCI exceedance hours fell by 160 (—13.1%; 95% CI —14.9% to —11.2%; p<0.001), normalized
accessibility rose by +0.08 (95% CI +0.06 to +0.10; p<0.001), and EB-adjusted injury crashes declined by —2.7 per
10,000 residents (—11.1%; 95% CI —3.4 to —2.0; p<0.001), while PM.5 decreased modestly by —1.1 ugm 3
(—4.8%; p=0.03). Inequality narrowed (Atkinson 0.154—0.112; average shortfall 0.071—0.048). The optimizer
outperformed evolutionary baselines (hypervolume 0.618 vs 0.552; fairness-feasible share 0.68 vs 0.42). SHAP and
counterfactuals coincided with higher stakeholder trust (+0.8 points; Z=3.80; p<0.001) and majority selection of
fairness-constrained portfolios. These findings indicate that equity-formalized optimization within a digital twin can
translate complex tradeoffs into implementable plans with measurable QoL gains; future extensions should
incorporate emissions-control actions and hybrid surrogate—mechanistic models to strengthen air-quality responsiveness.
Keywords: accessibility; digital twin; equity; multi-objective optimization; quality of life

1. INTRODUCTION

Cities increasingly rely on data-rich computational tools to navigate intertwined challenges of climate risk,
air pollution, mobility, and public safety. Urban digital twins (UDTs)—dynamic, computational replicas
of urban systems that link real-time sensing, historical records, and forward simulation—are widely viewed
as a cornerstone of this transition because they enable policy-relevant scenario testing and monitoring at
city scale [1-3]. At the same time, policy discourse and recent deployments caution that the promise of
UDTs is not purely technical: without explicit attention to governance, transparency, and equity, such
systems may amplify spatial disparities or erode public trust [4-6]. In fastgrowing Gulf cities, these
questions are concrete rather than abstract. The Riyadh Region, for example, faces intensifying urban
heat and air-quality pressures, while Makkah’s Jeddah and parts of the Eastern Province confront
persistent traffic-injury risks—issues that directly affect neighborhood-level quality of life (QoL) and
motivate decision support that is both participatory and fairness-aware [7-9].

A recent synthesis delineates UDTs as socio-technical systems that couple multi-modal urban data with
models to support design, operations, and policy evaluation [10-12]. Complementary reviews emphasize
a shift from infrastructure-centric twins toward “citizen-centric” and participatory variants that foreground
stakeholder engagement and human perception [13,14]. Across this literature, five interrelated streams
can be distinguished. First, operations-oriented twins target assets and services (energy, transport,
stormwater) and emphasize high-frequency telemetry and control. Second, planning-oriented twins
integrate land-use, environmental, and mobility layers to assess long-term scenarios (e.g., accessibility
under the “15-minute city” paradigm), often using composite indices and spatial analytics [15,16]. Third,
participatory and perception-powered twins explore interfaces, mixed-reality visualization, and workshop
protocols to embed domain expertise and lived experience in model exploration [17]. Fourth,
optimization-enabled decision support increasingly couples UDTs with search algorithms for siting
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facilities, allocating budgets, or designing portfolios under multiple objectives and constraints [18,19].
Fifth, explainable artificial intelligence (XAI) techniques, including Shapley Additive Explanations
(SHAP), are being adopted to open black-box predictors to scrutiny in spatial planning and environmental
assessment contexts [20,21]. Parallel to these technical advances, a growing governance literature
highlights unresolved issues—data rights, accountability, and procedural legitimacy—that have surfaced
prominently in high-profile smart-city initiatives, underscoring the need for transparent, participatory
workflows in city-scale modeling [22,23].

Evidence for proximity-based planning has expanded, with measures and typologies of 15-minute
accessibility applied across cities to relate daily-needs access to walkability and social inclusion [24-26].
These studies supply tractable QolL-linked indicators that can be computed from routine data and
communicated to non-technical stakeholders—properties attractive for integration into UDT-driven
deliberation.

Optimization research has begun to codify equity as a first-class objective or constraint in siting and
budgeting problems. Applications include equity-constrained green-space allocation [27,28], equity-aware
resilience planning in transport networks [29,30], and robust or distributionally robust facility-location
formulations that mitigate worst-case disparities under uncertainty [31-33]. These studies increasingly
recognize that efficiency-only solutions can widen spatial gaps, motivating explicit distributional
safeguards within optimization.

Interpretability methods are gaining traction in urban analytics. CEUS and allied venues report workflows
that pair machine-learning predictors with SHAP to quantify drivers of environmental hazards or urban
change, thereby enhancing transparency and credibility in planning contexts [34]. Such methods are
consonant with participatory planning norms because they translate model behavior into attributable,
stakeholder-legible contributions, and they can be extended with counterfactual queries to support “what-
if” reasoning during deliberation.

Despite rapid progress, three interlocking gaps remain. First, most operational UDTs center technical
fidelity and predictive performance but do not embed distributional fairness as a constraint on outcomes
across neighborhoods. In practice, solutions that maximize average QoL can leave low-baseline districts
behind, especially under budget limits and heterogeneous baseline exposure (e.g., heat, PM,.5) [35,36].
Second, while multi-objective optimization is common in engineering, comparatively few UDT
implementations expose Pareto trade-offs under explicit equity bounds and fiscal constraints in a way that
is usable by stakeholders; studies rarely translate fairness criteria into actionable frontiers that planning
participants can interrogate [37,38]. Third, although SHAP-based XAl is entering urban analytics, its
integration into participatory, session-based decision support—for example, using attributions and
counterfactuals to structure dialogue around “why” portfolios perform and “whymnot” alternatives—
remains limited and methodologically fragmented [39,40]. These gaps are salient in regions such as
Riyadh and Jeddah, where heat, PM,.s, access, and street-injury risk jointly shape QoL and where equity
commitments are increasingly formalized in local guidance (e.g., recent accessibility code releases) [41,42].
Addressing these deficits requires a planning twin that (i) encodes stakeholder QoL objectives—such as
thermal comfort, clean air, daily-needs access, and traffic-injury risk—as measurable indices; (ii) optimizes
intervention portfolios under a finite budget using multi-objective Bayesian optimization (MOBO) to
efficiently search complex, high-dimensional design spaces; and (iii) integrates fairness constraints that
bound neighborhood-level shortfalls relative to city medians, thus operationalizing distributional
commitments. MOBO is well-suited because Expected Hypervolume Improvement and its modern
parallel variants (e.g., gEHVI) efficiently explore Pareto fronts with multiple objectives and constraints,
making it practical to expose trade-offs to non-technical participants in near real-time [43]. In parallel,
SHAP explanations provide model-agnostic, axiomatic attributions that can be summarized across
neighborhoods and interventions, while counterfactual queries translate those attributions into
actionable “levers,” improving interpretability and trust in group settings [44]. Together, these elements
align with governance guidance calling for traceable, participatory decision processes within UDT
programs, not merely high-fidelity simulations [45].

This study develops and evaluates a participatory UDT that embeds fairness-aware MOBO and XAl to
co-design budgetfeasible, multi-objective investments that improve quality of life (Qol) while
constraining between-neighborhood disparities. Abbreviations are defined here once and used
consistently thereafter: urban digital twin (UDT); quality of life (QoL); particulate matter with
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aerodynamic diameter <2.5 pm (PMj.5); multi-objective Bayesian optimization (MOBO); explainable
artificial intelligence (XAI); Shapley Additive Explanations (SHAP).

The objectives of this study are: (i) Formalize stakeholder priorities—thermal comfort, clean air (PM,.5
exposure), access to daily needs within 15 minutes, and street-injury risk—into validated, city-scale indices
suitable for optimization and communication. (ii) Design a fairness-constrained optimization that limits
neighborhood shortfalls relative to the city median and quantify its effect on the Pareto set compared to
unconstrained optimization. (iii) Implement SHAP-based attribution and counterfactual “why-not”
queries to render candidate portfolios intelligible during facilitated deliberation, and assess resulting
stakeholder preferences and trust. (iv) Demonstrate the approach on a cityscale case, reporting QoL
improvements and disparity reduction under realistic budget scenarios, with attention to hot-arid urban
conditions salient to the Riyadh Region and the wider Makkah/Eastern Provinces context.

2. MATERIAL AND METHODS

2.1. Study area, design, and workflow

This study implemented a participatory urban digital twin (UDT) for the city of Riyadh, Kingdom of
Saudi Arabia, within the Riyadh Region, using administrative districts published through municipal and
regional open-data portals as the basic spatial units for decision-making. District boundaries, land use,
and road network layers were obtained from the Riyadh Municipality and the Royal Commission for
Riyadh City open-data portals and were cross-checked against OpenStreetMap derivatives to ensure
completeness and topological consistency [46,47]. The UDT integrated environmental sensing, mobility
and accessibility modeling, and administrative service data, and supported iterative stakeholder
deliberation and multi-objective optimization under equity constraints. The target audience comprised
municipal planners, transport and public health officials, and neighborhood representatives.

2.2. Study population, spatial units, and time frame

The decision space was discretized at the district level across Riyadh, with population denominators from
the most recent census release. Daily to hourly environmental inputs covered two consecutive hot seasons
(April-October) and the adjacent cool seasons (November-March) to derive annualized indicators.
Where municipal disaggregation was unavailable, modeled rasters were aggregated to district polygons
using population-weighted means. Assumptions, when necessary, followed peer-reviewed practice and are
stated with

2.3. Data acquisition and instrumentation

Air temperature was acquired from a combination of municipal stations and district-deployed loggers;
noise levels were recorded using IEC/ANSI class 2 meters operated following ISO 1996-2 guidance for
environmental noise (calibration before/after runs; integration periods; meteorological exclusions; and
computation of the day-evening-night level, Lg.,) [48]. For thermal comfort, the Universal Thermal
Climate Index (UTCI) was computed from air temperature, wind, relative humidity, and mean radiant
temperature, following the operational procedure developed for UTCI [49]. Air quality relied on a fusion
of in-situ PM,.5 sensors (optical particle counters, Plantower-class) co-located with reference-grade stations
for correction, and satellite aerosol optical depth (AOD) from the MAIAC algorithm to enhance spatial
coverage for exposure surfaces [50]. The pedestrian street network and amenities were derived from
OpenStreetMap (OSM) using OSMnx; walking isochrones were computed with OpenTripPlanner (OTP)
to support 15-minute accessibility analysis [51]. Crash data and roadway inventory were curated to support
safety performance modeling in line with the Highway Safety Manual (HSM) framework (Part C predictive
method, empirical Bayes calibration, and application of crash modification factors) [52,53].

Low-cost PM,.5 sensors were co-located for >14 days at reference sites spanning humidity and temperature
ranges typical of Riyadh’s climate. The correction model applied temperature and humidity terms per
EPA field guidance and AQ-SPEC protocols, with continuous zero/span checks [7]. For thermal
measurements, the selection and placement of probes adhered to ISO 7726 for measurement of air and
globe temperature and wind speed; uncertainty budgets were recorded and propagated into UTCI
calculations [54-56].

2.4. Indicator definitions and construction

All indicators were constructed to be comparable across districts and suitable for aggregation into QoL
domains. Min-max scaling was used for monotone-beneficial indicators; inversion preceded scaling for
detriment indicators (e.g., PM,.s, crash risk).

Equation (1) defines the min-max normalization applied to any raw indicator #, for district z [4].
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max_ 7, —min_ 7, (1)
0 <7<l

Here, 7. is the normalized score. This transformation standardizes heterogeneous units for aggregation

and ensures comparability across QoL domains in the optimization stage.
UTCI exceedance hours were computed to capture the intensity and duration of heat stress.
Equation (2) quantifies annual exceedance:

H"®O) = il(UTCIZJ > 9)'Af (2)
t=1

0 =32C
H™(0) sums hours At when districtlevel UTCI exceeds threshold € associated with moderate heat

stress. The threshold is consistent with UTCI operational categories and supports direct interpretation
in planning [3]. Values were population-weighted within districts.
Intervention effects on thermal comfort were estimated using empirically supported delta models for
shading and albedo. Trees reduce mean radiant temperature and local operative temperatures; cool
pavements increase reflectance and lower surface temperatures, with mixed effects on near-surface air
temperature depending on morphology [9].
Equation (3) expresses the predicted change in UTCI:

AUTCIZ = IBtree ) Ccanopy,z + ﬂcool ' Acxz

, 3
UTCI,, =UTCI_, +AUTCI, G)
where Ccanopy’z is the added effective canopy cover from street trees; Ac, is the albedo increase from

cool pavement treatments; f,.. and [, are empirically derived coefficients calibrated from local

tree
transects and literature. Implementation uses calibration targets derived from field syntheses and hot-arid
evaluations, ensuring conservative estimates for Riyadh [9].

A spatiotemporal land use regression (LUR) with satellite fusion predicted district-level annual PM,.5
exposure. Predictors included traffic density, proximity to major roads, industrial land, vegetation indices,
and meteorology. MAIAC AQOD filled spatial gaps and improved predictive skill.

Equation (4) shows the LUR with a mixed-effects component:

log(PM,5(5,)) =By + > B X, ()+ 7, AODyac(5,0) +u, +v, +&,, @)
k

Here, s indexes spatial locations, ¢ time; X are static covariates; #, and v, are random effects; &, is

residual error. The model was crossvalidated and bias-corrected against reference monitors, with
uncertainty propagated to district means [4]. Annual exposure for district z is population-weighted:
Equation (5) derives the exposure metric:

> PM, (s,)Pop(s,)
EZPM _ ez (5)
> " Pop(s,)

iez

where E: M is interpreted relative to the WHO Air Quality Guideline annual level (5 pg-m™3, 2021)

during deliberation [10].

Accessibility to daily-needs amenities was computed using Hansen-type gravity potentials with OTP-
derived walking times. Amenities covered groceries, primary healthcare, schools, parks, and bus stops.
Equation (6) is the Hansen potential:

4. =W, exp(—/iczj)
jel (6)
c., = walk time (minutes) from z to amenity j

Z
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where VVJ is the amenity weight; A is the impedance parameter calibrated so that the 15-minute
boundary corresponds to a 0.5 decay factor. OTP travel-time surfaces provided Cs the distribution of

A_ across districts was then normalized to [0,1].

Expected injury crash frequency per district was estimated with HSM Part C safety performance functions
(SPFs) calibrated to local conditions and updated via the empirical Bayes (EB) method to correct
regression-to-the-mean bias. Where interventions are considered, crash modification factors (CMFs)
adjusted predictions.
Equation (7) gives the EB estimate:
Loy =wy+(l-w)r
1
l+km

7 =SPF-predicted mean crashes; y = observed crashes

0

where k is the dispersion parameter from negative binomial SPFs; w is the weight on observed data.
This procedure is standard in HSM applications and has extensive FHWA guidance [55].
For candidate countermeasures, predicted post-treatment mean is adjusted:
Equation (8) applies CMFs:
fgp  =CMFx fi 8)
where CMFs for speed humps, raised crosswalks, and road diets were selected from documented meta-

analyses and FHWA CMF Clearinghouse entries referenced in the HSM toolset [56].

3. RESULTS

3.1. Study area coverage, data completeness, and quality control

Comprehensive coverage of Riyadh’s administrative districts, the sensing network deployment, and the
resulting completeness of environmental and mobility data streams are quantified and audited for quality.
The resulting inventory and calibration outcomes are presented in Table 1 to support replication of
subsequent indicator construction and modeling steps.

Table 1. Data inventory, temporal coverage, and calibration/quality-control performance across sensing
streams.

Co-
location
' Raw Hoqrs RMSE No'tes . on
Instrumentatio retaine  Completenes calibration
Stream hours before — )
n (count) d after s after QC (%) slope/intercep
logged after
QC .
correctio
n
PM ({1 124 — Slgge '0.72 _;
25 O 4 73920 66,815  90.4 5.1 0 ntercep
cost optical) - —-1.6 - =0.2
pg'm pgem
PM,.5
(reference- 6 10,512 9944 946 - Reference —for
co-location
grade)
Air Globe/air
temperature consistency
/ RH 60 (1)09’50 102,420 93.5 Jg(f)0'9 within ISO
(shielded W 126
loggers) tolerances
Lien computed
Noise (IEC 103,95 2.6 —> 1.1 with day-
class 2) >3 0 96,380  92.7 dB (Lae) evening-night

penalties
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. Directional
Wind g 31,536 28,884 916 05 =03 s < 3° post
(ultrasonic) m-s! ) )

calibration
Mobility Walk
network 1sochron:ls
_ - — — computed for
§OSM/OTP 1,493  district
centroids
Crash  and HSM fields
roadway — 10 years 10 vyears — — .complet.e after
i o imputation
tnventory rate < 2%

Temporal coverage, post-QC retention, and distributional properties of the principal environmental
variables are summarized visually in Figure 1 to characterize the inputs used in indicator construction.
Figure 1 presents the analysis across three panels. Figure 1a displays a heatmap of hourly data availability
over the study year for the four main environmental streams (PM,.5, temperature, wind, noise),
highlighting seasonal completeness. Figure 1b presents post-QC distributions for PMj.5 (annualized),
Universal Thermal Climate Index (UTCI), and L., with kernel density overlays to illustrate variance and
skewness. Figure 1c summarizes co-location agreement for PMj.5 sensors using Bland-Altman residuals

collapsed to the mean and 95% limits of agreement by station, indicating post-calibration bias reduction.
(b) Post-QC Distributions

(a) Hourly Data Completeness Over Study Year with Kernel Density
Quality Control Results: 80 3 (Distribution Features:
« All streams >90% complete 098 P id urban range
PMa.r. - | * Nolarge seasonal gaps . 70 4| * UTCL: Warm exceedances
« PM,.5: 90.4% retention = L den: Urban day-night levels
1 93.5% retention 0.96
retention i ]
£ retention e o0
B . 094 3 o —
< Temperature = 2
z B g 504
E 09z % ]
] ?, 40
09 F g
Wind 4 & -
2 =34
088 3
20
0.86
Noise
104
T T T T T T
Jan Feb  Mar Apr May Jun Jul Aug Sep Oct Nov Dec PMz.s UTCl L_den
Month (2023) (hgrm ) ca (dB)

(c) Bland-Altman: Co-located PM;.; Sensor Agreement

10 ®  Mean Bias
s

— = Mean Bias: -0.21 jg-m™

Post-Calibration Performance:
« RMSE: 12.4 — 5.1 pg-m ™ (-58.9%)
= Mean bias: 1.6 — 0.2 ugm™

« Slope: 0.72 - 0.98

= 95% LoA: +0.0 pg-m™>

« 42 low-cost vs. 6 reference sensors

Residuzl vs. Reference (ug-m ™)
=

T T
0 5 10 15 20 25 30 35 40
Station 1D (Low-cost PMz.; Sensors)

Figure 1. Temporal coverage and distributional properties of environmental inputs used in indicator
construction.

(a) Hourly completeness heatmap across streams over the study period. (b) Post-QC distributions (density
curves and quartiles) for PM,.5, UTCI, and Lg.,. (c) Bland-Altman residual summaries for co-located
PM,.5 sensors after correction, showing stationwise mean bias and 95% limits of agreement.
Post-calibration PM,.5 residual variance decreased by 58.9% relative to raw optical counts (Table 1), and
the remaining mean bias fell within —0.2 pg'm™ with narrow limits of agreement (Figure 1c). Hourly
completeness exceeded 90% in all environmental streams (Table 1), and coverage exhibited no large
seasonal gaps (Figure 1a), ensuring that aggregated indicators reflect both hot and cooler seasons. Post-
QC distributions showed PM;.5 medians within the expected range for arid metropolitan settings, UTCI
distributions capturing extensive warm-season exceedances, and Ly, centered within typical urban day-
evening-night levels (Figure 1b).

3.2. Model validation and baseline exposure surfaces

Validation results for the PMj.5 spatiotemporal model demonstrate improved predictive skill from
MAIAC AOD fusion and mixed-effects specification, with performance reported in Table 2. The baseline
distributions of district-level indicators for heat, air quality, accessibility, and safety derive from the
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validated surfaces and are displayed in Figure 2 across four panels to characterize citywide heterogeneity
at the outset of planning.

Table 2. Cross-validation metrics for the PMj.5 exposure model with and without MAIAC AOD fusion
(10-fold spatial CV).

Model specification Cv RMSE MAE Mean bias Coverage of 95%
P R? (ng'm™) (ng'm™3) (ng'm™) PI (%)

LUR (static covariates 069 55 42 ~03 93.1

only)

LUR + mixed effects (u, vo) 0.73 4.8 3.7 -0.2 94.4

LUR + mixed effects + 00 4, 3.3 —0.1 95.2

MAIAC AOD
Figure 2 presents the analysis across four panels. Figure 2a displays the distribution of annual UTCI
exceedance hours above 32 °C, reporting the median and interquartile range across districts. Figure 2b
shows the distribution of annual, population-weighted PMj.5 exposure by district derived from the

validated model in Table 2. Figure 2c illustrates the normalized 15-minute accessibility index A,

computed from OTP walking isochrones and weighted amenities. Figure 2d presents the distribution of
EB-adjusted predicted injury crashes per 10,000 population from the HSM-calibrated SPFs.

(a) HYTC(32°C) (b) Population-weighted PM,.;
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Figure 2. Baseline distributions of the four domain indicators at the district level.

(a) Annual UTCI exceedance hours H utcl

V4

(32o C) . (b) Annual population-weighted PM,.5 exposure. (c)
Normalized 15-minute accessibility 4, (0-1). (d) EB-adjusted injury crashes per 10,000 population
The MAIAC-fused model improved out-ofsample R? from 0.69 to 0.77 while reducing RMSE from 5.5

to 4.2 pg'm™3 (Table 2), and prediction interval coverage aligned with nominal levels. District-level
baseline distributions revealed a high central tendency of UTCI exceedance hours, with the median at
1,220 hours and an interquartile range (IQR) of 1,040-1,380 hours (Figure 2a). PM,.5 exposures
exhibited a right-skew with a median of 23.1 pg'm™ and IQR 19.8-26.9 pg:m™3 (Figure 2b). The

accessibility index 4. centered near 0.48 (IQR 0.35-0.62), indicating uneven proximity to daily needs
(Figure 2¢). EB-adjusted injury crash rates had a median of 24.3 per 10,000 population (IQR 18.7-29.9),

with dispersion reflecting arterial density and design context (Figure 2d).

Comparative benchmarking against alternative search strategies is summarized in Table 3 using final
hypervolume, fairness-feasible fraction of the discovered set, median composite QoL gain, and wall-clock
time to the same evaluation budget.

Table 3. Comparative benchmarking of search strategies (same evaluation budget; 1,500 portfolios).

Final normalized Fairness-feasible Median composite QoL Wall-clock
Strategy . . .
hypervolume fraction gain (absolute) time (h)
MOBO
(qEHVI) 0.618 0.68 +0.076 6.1
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NSGA-II 0.552 0.42 +0.061 10.8
MOEA/D  0.537 0.39 +0.058 9.6
Random 0.401 0.17 +0.031 5.9
search

qEHVI achieved the highest final hypervolume and the largest share of fairness-feasible portfolios (Table
3), reducing computation time relative to NSGA-II and MOEA/D at the same evaluation count due to
more informative batch selection. Median composite QoL gains for the set of non-dominated solutions
also favored qEHVI, supporting the choice of a surrogate-based approach under expensive evaluations.
3.7. Selected fairness-constrained plan: composition, costs, and domain outcomes

A fairness-constrained solution was selected from the terminal Pareto set using stakeholder weights, with
budget compliance to B=250B = 250 million SAR. The selected plan’s composition and cost allocation
are provided in Table 5 to document implementation scale. Districtlevel outcome distributions under
this plan are summarized across domains in Figure 3 to characterize gains and residual inequalities. Safety-
specific changes are detailed separately in Table 4 to expose EB adjustments and uncertainty.

Table 4. Composition and budget allocation of the selected fairness-constrained plan.

Int i Quanti Unit cost Subtotal (million Share of budget
ntervention uantity (S AR) S AR) (% )

Street trees 60,000 trees 1,500 90.0 36.6

Cool pavements LGo lane- 406,000 48.0 19.5

Traffic calming ¢ Jevices 60,000 36.0 14.6

devices

Sidewalk infill 90 km 800,000 72.0 29.3

Total - — 246.0 100.0

Figure 3 presents the analysis across three panels. Figure 6a displays district-level changes in UTCI
exceedance hours as a distribution (violin/box overlay), quantifying cooling benefits. Figure 6b shows the

distribution of normalized accessibility gains A4 under sidewalk infill placement, emphasizing

improvements for previously underserved districts. Figure 6¢ presents inequality diagnostics before and

after the plan using Atkinson indices (€ = 0.75) for each domain to summarize distributional effects.

(a) Thermal Comfort Improvements
Median
-160 hours
(-13.1%)

(b) Accessibility Gains

Median: +0.080

0.008 ®e
¢ 0.150
. .

B g5 e 0125
7 0.006 E %, %' - 3
2 2 P 1) AL 0100
B z e ot Y ende g
= o % 8 =]
= 0004 a Lol 0.075 F
E ] L2 X o
s = ® o Tege 0050 E
P B . 050 &
[ a .

0.002 . . 0.025

) -«

0.000

-250 -200 -150 -100 -50 0 0.05 0.10 015
Change in Annual UTCI Exceedance Hours (>32°C) Change in Accessibility Index
(c) Inequality Reduction Across Domains
Accessibility

0.18 0.182
I Safety
& 016 0.161
< Composite QoL [+335%)
"
s s (o)
g 014 Thermal
2 o140 ==
= . "
s Air Quality
Z o127
g 0.12

0.10

Before After
Implementation Implementation

Figure 3. District-level outcome distributions under the selected fairness-constrained plan. (a) Density
distribution of annual UTCI exceedance hour reductions with percentile markers highlighting the
median decrease of 160 hours (13.1% cooling benefit). (b) Beeswarm distribution of normalized

4256



International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 23s, 2025
https://theaspd.com/index.php

accessibility gains (AA,) color-coded by improvement magnitude, showing median increase of +0.08 with
convergence effects favoring previously underserved districts. (c) Slope graph illustrating Atkinson
inequality index changes (¢ = 0.75) across all domains, with connecting lines showing systematic
distributional improvements and percentage reductions annotated for each domain.

Median UTCI exceedance hours declined from 1,220 to 1,060 (A —160 hours; —13.1%; 95% CI —11.2%
to —14.9%; Figure 6a). Accessibility medians increased by +0.08 (from 0.48 to 0.56; 95% CI +0.06 to
+0.10; Figure 6b), with the 25th percentile gaining +0.11, indicating convergence across districts.
Atkinson indices fell from 0.154 to 0.112 for the composite QoL, with domain-specific changes of 0.140
— 0.102 (Thermal), 0.182 — 0.121 (Access), and 0.161 — 0.130 (Safety), while the Air domain changed
minimally (0.127 — 0.119; Figure 6¢). Annual PM,.5 exposure showed a small citywide median reduction
of —1.1 pg'm™3 (—4.8%; 95% CI —1.9% to —7.2%), consistent with the limited leverage of the evaluated
interventions on regional particulate concentrations and attributable mainly to localized deposition
effects from increased canopy near high-traffic corridors; these changes remained within the model’s
prediction interval coverage and did not materially alter domain shortfalls. Safety outcomes for the plan,
computed via EB-adjusted predictions with CMFs, are reported in Table 5 to isolate expected changes in
injury risk with uncertainty quantification.

Table 5. EB-adjusted injury crashes per 10,000 population: baseline versus selected plan, summarized by
district quartiles.

Statisti Baseline  (per Post-plan (per Absolute Relative change
atistie 10k) 10k) change (%)

25th percentile 18.7 16.9 —1.8 -9.6

Median 24.3 21.6 —-2.7 —11.1

75th percentile 29.9 26.7 -3.2 —10.7

EB . pzirameter kk 0.86 0.86 _ _

(median)
S .

95% CI for median B _ (=3.4 —2.0] _

change

Note: *Dispersion parameter from calibrated negative binomial SPFs; unchanged by CMFs.
Median EB-adjusted injury risk decreased by 11.1% (Table 5), with consistent reductions across quartiles
and overlapping dispersion parameters, indicating that the effect arises from CMF-driven expectations
rather than changes in overdispersion. Composite QoL increased by +0.079 (absolute) at the citywide
median (95% CI +0.062 to +0.096), and the average shortfall metric decreased from 0.071 to 0.048,

reflecting narrower gaps to the median among lower-performing districts.

4. DISCUSSION

The fairness-constrained urban digital twin (UDT) advanced citywide quality of life (QoL) by shifting
district medians in thermal comfort, accessibility, and street safety while narrowing distributional gaps.
The shortfall constraint translated equity commitments into quantifiable guarantees, yielding lower
Atkinson inequality across three domains without exhausting budget. The modest change in PM,.5
reflected the dominance of regional and source-mix drivers that are weakly coupled to the evaluated urban
form interventions, indicating that local portfolio design can meaningfully influence heat, access, and
injury risk but exerts limited leverage on annual particulate exposure. The qEHVI-based multi-objective
Bayesian optimization (MOBQO) discovered a larger fairnessfeasible frontier than genetic baselines,
consistent with the benefits of uncertainty-aware, hypervolume-seeking search under expensive
evaluations. SHAP attributions and integer-constrained counterfactuals linked portfolio elements to
domain responses, which aligned with stakeholder selections and higher trust, suggesting that
transparency features can stabilize deliberation by revealing tractable, low-cost adjustments.

The findings converge with reports that citizen-centric UDTs outperform infrastructure-only twins when
coupled to participatory analytics, while extending that evidence by formalizing equity as a binding
feasibility criterion rather than a post hoc diagnostic [18,38]. The safety reductions align with Highway
Safety Manual empirical Bayes procedures and device-specific crash modification factors, supporting
external validity of the risk estimates [22]. The limited PM,.5 response agrees with satellite-fusion and
land-use regression literature in arid settings that emphasize regional transport and combustion sources
over micro-scale urban design effects [14]. The superior search efficiency of gEHVI is compatible with
theoretical and empirical characterizations of hypervolume-improvement policies in multi-objective
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settings [4]. The observed gains in interpretability echo studies where SHAP improves auditability of
urban analytics models [24].

Several limitations warrant emphasis. First, the intervention catalog excluded direct emissions controls
and building energy retrofits, constraining air-quality responsiveness; integrating fleet electrification,
pointsource abatement, and cooling strategies with demonstrated co-benefits would address this gap.
Second, the UTCI and accessibility deltas relied on calibrated, empirically grounded response functions
rather than high-resolution computational fluid dynamics or agent-based travel models; multi-scale
modeling and summer-winter stratification would refine local heterogeneity and seasonality. Third, the
crash predictions did not incorporate post-implementation compliance or induced-routing dynamics;
before-after studies with matched comparison sites and mobile speed sensing would strengthen causal
attribution. Fourth, the equity formalization used shortfall constraints relative to the city median;
alternative welfare functions or subgroup-specific constraints could capture additional normative
perspectives. Fifth, transferability is limited to hot-arid morphologies and governance contexts with
comparable network and amenity structures; application to coastal or high-density cores should re-
estimate response coefficients, budget unit costs, and fairness tolerances.

Future research should integrate source-specific air-quality controls into the UDT action set and couple
dispersion or chemical transport models to isolate co-benefits across domains. Hybrid surrogate-
mechanistic ensembles that mix MOBO with physics-constrained emulators could improve fidelity at
neighborhood scales while retaining tractability. Longitudinal field evaluations using stepped-wedge or
synthetic control designs should quantify realized effects on heat exposure, injury risk, and access,
enabling continuous learning between simulated portfolios and built outcomes. Finally, multi-community
deployments with subgroup-targeted fairness (e.g., age, disability, income) and adaptive budgeting would
test whether equity guarantees can be sustained as objectives evolve and constraints tighten.

5. CONCLUSION

This study demonstrates that a fairness-constrained urban digital twin (UDT) can deliver measurable
improvements in citywide quality of life (QoL) while narrowing distributional gaps across districts under
a fixed budget. Under the selected plan (246.0 million SAR within a 250.0 million SAR cap), thermal
burden decreased with a median reduction of 160 UTCI exceedance hours (—13.1%; 95% CI —14.9%
to —11.2%; p < 0.001), accessibility increased by +0.08 in the normalized index (95% CI +0.06 to +0.10;
p <0.001), and EB-adjusted injury crashes fell by —2.7 per 10,000 population (—11.1%; 95% CI —3.4 to
—2.0; p < 0.001). Inequality metrics corroborated these shifts: the composite Atkinson index declined
from 0.154 to 0.112 and the average shortfall to the city median decreased from 0.071 to 0.048. Annual
PM,.5 exposure changed modestly with a median reduction of —1.1 pg'm™ (—4.8%; p = 0.03), indicating
limited leverage of the evaluated interventions on regional particulate concentrations.

Comparative analyses show that the multi-objective Bayesian optimization (MOBO) with qEHVI
outperformed evolutionary baselines under identical evaluation budgets. Final normalized hypervolume
reached 0.618 for qEHVI versus 0.552 for NSGA-II (difference 0.066; 95% CI 0.043 to 0.088), and the
share of fairness-feasible portfolios was higher (0.68 vs 0.42; difference 0.26; 95% CI 0.17 to 0.34).
Domain contrasts further clarify mechanism: canopy and albedo adjustments produced pronounced
thermal gains, sidewalk infill improved accessibility with sublinear saturation, and traffic calming reduced
EB-adjusted injury risk; none of these interventions materially altered PM,.5 at the district scale.
Deliberative transparency contributed to uptake, with median trust increasing by 0.8 points (Wilcoxon Z
=3.80; p <0.001; r = 0.40) and fairness-constrained portfolios selected in 14 of 18 sessions (77.8%).
Several limitations bound inference. Response functions for thermal and access relied on calibrated delta
models rather than fully resolved microclimate or agent-based simulations; crash predictions did not
capture post-implementation compliance; and the equity formalization centered on median-referenced
shortfalls. Future work should integrate source-specific emissions controls and dispersion or chemical
transport modeling, develop hybrid surrogate-mechanistic ensembles for neighborhood-scale fidelity, and
embed stepped-wedge or synthetic control evaluations to link simulated portfolios with realized outcomes.
Extensions to subgroup-targeted fairness and adaptive budgeting would test durability of equity guarantees
as objectives and constraints evolve.
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