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ABSTRACT Realistic urban radiofrequency electromagnetic-field (RF-EMF) assessment must connect the
field in a city to the power absorbed by the human body. This supports monitoring and epidemiological
studies. The goal of this study is to compute direction-aware whole-body specific absorption rate (SAR)
along pedestrian routes in ten cities. We combine 360-degree street images, photogrammetric geometry, and
AI-derived object and material labels in a human-centric digital twin. Its agentic AI stage uses SAM 3 Agent
for material and vegetation labeling. The calculation places possible transmitters along visible rooflines at
15 GHz, traces direct and single-reflection paths, and applies each arrival direction to an anatomical body
model. Results are normalized per unit product of source density and effective isotropic radiated power.
The ten routes contain 163 observation points, each evaluated with 64 independent runs. The normalized
route-median whole-body SAR ranges from 0.00902 to 0.129 m2 kg−1, a factor of 14.31. Direct paths give
the largest component at 156 of 157 points with line of sight. The single-reflection specular component
is largest at one point, while the single-reflection diffuse component is the only nonzero component at
six shadowed points. Increasing the number of runs from 48 to 64 changes the total at any point by at
most 0.32%. Validation in a controlled scene gives maximum differences of 1.43% against deterministic
quadrature and 0.80% against an independent Sionna RT forward calculation. The reported values apply
to the selected routes under the stated source model.

INDEX TERMS AI-assisted digital twins, human-centric wireless systems, ray tracing, RF-EMF exposure,
whole-body specific absorption rate.

I. Introduction

REALISTIC radiofrequency electromagnetic-field (RF-
EMF) exposure assessment must connect the field in a

real environment to the power absorbed by the human body.
This link matters for street-level exposure monitoring and for
exposure estimates used in epidemiological research. Along
a city street, buildings can block the direct field, and facade
materials change the reflected power [1], [2]. Human whole-
body absorption depends on each arrival direction relative to
body orientation [3]. Thus, the city changes the power and
directions that reach a pedestrian, while orientation changes
how they couple into the body. Total incident power alone
therefore does not determine whole-body absorption. A route
calculation must retain each arrival direction until the field
is applied to the body.

Prior exposure studies provide several parts of this route-
to-body link. Ray tracing gives detailed paths in three-
dimensional city models [4]. Ray tracing has supported

city-scale downlink exposure calculations with known base-
station locations [5] and realistic 28 GHz body exposure
along an outdoor path [6]. Stochastic geometry represents
unknown transmitter locations [7]. SAR conversion factors
connect incident fields to absorption [8]. Taken together,
these studies provide the main propagation, source, and
body components. However, they do not combine those
components across cities under one source normalization.

The combined calculation also needs surface materials.
Detailed photogrammetric geometry [9], [10] does not iden-
tify its surface materials. Street images can supply this
information. The Mapillary Vistas data set provides object
classes for street scenes [11]. Kamari et al. assign material
classes from street images to city geometry for millimeter-
wave ray tracing [12]. Xia et al. combine semantic point-
cloud classes with detailed scenes for outdoor ray tracing at
2.8 GHz [13]. These studies show that multimodal scene data
can support radio propagation. These scene methods have
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not been joined with a common source model and direction-
aware body calculation across routes in several cities.

To address this gap, we form an AI-assisted, human-
centric digital twin from 360-degree street images and pho-
togrammetric city geometry. Mask2Former assigns object la-
bels. SAM 3 Agent performs the agentic AI step by assigning
material and vegetation labels on visible surfaces. A com-
mon model places possible transmitters along rooflines. The
propagation calculation keeps direct, single-reflection spec-
ular, and single-reflection diffuse components separate, with
their arrival directions, until the body calculation. Together,
these stages connect the city scene to body absorption. The
propagation model includes one reflection.

The goal of this study is to compute direction-aware
human whole-body SAR along pedestrian routes in ten cities
at 15 GHz. The routes contain 163 observation points with
image-derived surface materials and a body model facing
along each walk. Every value is normalized per unit active-
source areal density and per unit effective isotropic radiated
power (EIRP). The selected-route medians differ by a factor
of 14.31. These values describe the 163 fixed observations
under the stated source model.

This work makes the following three contributions.

1) Multimodal fusion combines 360-degree street images
and city geometry with Mask2Former object labels and
SAM 3 Agent material labels in an AI-assisted digital
twin. Surfaces without a reliable image label keep their
geometry-based material.

2) A normalized roofline source model and an adjoint ray
tracer keep direct and once-reflected power separate,
with arrival directions, until the field is applied to the
body.

3) Results for ten routes quantify whole-body SAR,
component shares, numerical convergence, surface-
material sensitivity, and controlled single-reflection
validation.

II. Methods
A. Study configuration
Fig. 1 shows how the inputs come together at Prague Old
Town Square. A 360-degree street image is aligned with
a photogrammetric city mesh cropped to a 250 m radius
around the route. Image labels are assigned to the visible
mesh triangles without changing their geometry. Possible
transmitters lie along visible rooflines. Fixed points set the
observation positions, and the anatomical body model faces
the direction of travel at each point.

With this configuration fixed, Table 1 summarizes the
study route in each of the ten cities. Each route follows
a connected street corridor covered by aligned 360-degree
street images. Fixed observation points include positions
between image locations, so the number of images and points
can differ. The 163 points are fixed case-study observations
that describe the selected routes. A different route would
change both position and body orientation.

TABLE 1. Study route in each city, with observation-point counts, route

spans, and ray calculation times

City Points Span (m) Time (s)

Brussels 14 87.00 32.16
Ghent 10 49.04 6.59
Krakow 16 116.10 31.76
London 22 121.10 73.77
Madrid 14 73.47 8.06
Mexico City 11 60.79 5.95
Milan 23 128.43 69.02
Prague 22 119.39 39.00
Tokyo Hachiko 16 87.38 10.02
Toulouse 15 82.47 37.87

Total 163 925.17 314.20

B. AI-assisted digital twin
Two image models are applied in sequence. First,
Mask2Former assigns a Vistas object class such as building,
road, or vegetation to every pixel [11], [14]. Next, SAM 3
Agent performs the agentic AI step by assigning material
and vegetation labels inside compatible object regions [15].
Its prompt-guided concepts extend the fixed object classes
with material evidence. The camera position and viewing
direction locate these labels on visible triangles in the city
geometry. When several images cover one triangle, their
accepted labels are combined. A triangle changes material
only when its object and material labels are compatible and
meet the selection criteria. All other triangles keep their
geometry-based material. The supplementary material gives
the prompts, alignment tests, rejected labels, and assignment
rules.

Fig. 2 connects the scene-building and exposure stages.
The image and geometry branches first form the human-
centric digital twin. Pedestrian locations, body orientations,
and possible roofline transmitters complete its route-specific
inputs. The final stages compute directional radio arrivals
and apply them to the body.

C. Exposure calculation
Following the central path in Fig. 2, every route point uses
15 GHz and a circular scene crop with radius Rcrop = 250 m
and area Acrop = 196,349.54 m2. The receiver position x is
the ray origin and body reference point. The body faces the
local direction of travel. Index i denotes a roofline segment,
ri(x) is its range to the receiver, and r is a point on the body
surface.

The possible roofline transmitters in Fig. 2 represent a
future distributed massive MIMO (DMaMIMO) architecture
only to define possible access-point locations [6], [16].
Therefore, the model uses visible rooflines as possible trans-
mitter locations. The calculation treats the possible sites as
independent power sources and distributes expected transmit-
ters uniformly per unit physical length of the roofline visible
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FIGURE 1. Configuration at Prague Old Town Square. (a) Object and material labels from a 360-degree street image are assigned to the city geometry.
(b) Plan view of the 22 observation points and visible roofline. (c) Close-up of the route. The arrow gives the body model’s direction of travel.
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FIGURE 2. Flowchart from multimodal city data to whole-body specific absorption rate (SAR). Mask2Former assigns object labels, and SAM 3 Agent
assigns material labels. These labels, 3-D city geometry, pedestrian locations and body orientations, and possible roofline transmitters form a
human-centric digital twin. The propagation and body calculations then give whole-body SAR.
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from the route. The active-site density ρA gives an expected
count Nsite = ρAAcrop. For a segment with endpoints pi

and pi+1, its source fraction is

pi =
ℓi∑
j ℓj

, ℓi = ∥pi+1 − pi∥2. (1)

The denominator prevents a numerical split of one seg-
ment from adding source power. The calculation uses three-
dimensional length rather than horizontal length.

An unobstructed reference separates source strength from
scene geometry:

Dref(x) =
∑
i

pi
ri(x)2

, Sref(x) =
AcropDref(x)

4π
. (2)

We apply no visibility test to Dref . All reported values are
normalized per unit ρAPEIRP. Multiplication by ρAPEIRP

gives physical units, but only for a deployment that follows
the same roofline transmitter model. The calculation omits
transmitters and interactions outside the crop.

The propagation result at each observation point has direct,
one-reflection specular, and one-reflection diffuse parts. Let
D contain visible direct paths and S1 contain accepted one-
reflection specular paths. Their normalized powers are αa =

m
(d)
a /Dref and βb = m

(s)
b /Dref . The diffuse estimate uses

normalized angular-cell powers γ̂q = m̂
(f)
q /Dref in Q =

4096 fixed angular cells. With δk̂ denoting a unit point mass
in arrival direction k̂, the directional distribution is

µx =
∑
a∈D

αaδk̂(d)
a

+
∑
b∈S1

βbδk̂(s)
b

+

Q∑
q=1

γ̂qδk̂(f)
q
.

(3)

The first two sums keep exact path directions and powers.
Only diffuse power uses the angular cells. Fig. 3 contrasts the
two sampling paths for this diffuse term. Adjoint ray tracing
launches rays from the observation point and tests visibility
from each first surface hit to every roofline source [17],
[18]. This source connection is a next-event estimate [19].
The surface law combines unpolarized Fresnel power with
a Rayleigh roughness term. The surface law assigns the
remaining reflected power to a Lambertian diffuse compo-
nent, and all components add incoherently. Each sampled
path ends after the diffuse reflection. Higher-order specular
paths are also omitted. Woody vegetation identified by the
images is transparent to rays because the city geometry has
no canopy volume. The supplementary material gives the full
laws and parameters.

The last two blocks in Fig. 2 make the propagation-to-
body handoff explicit. Accordingly, the calculation keeps
each arrival direction until body coupling. For outward
surface normal n̂(r), let g(r, k̂) = [n̂(r) · (−k̂)]+. The
normalized absorbed power density is

S̃ab(r,x) ≡
Sab(r,x)

ρAPEIRP
= T0Sref(x)

∫
S2
g(r, k̂) dµx(k̂).

(4)

The angular integral sums the direct, specular, and diffuse
arrivals while retaining their incoming directions. Here, T0

is the normal-incidence power-transmission coefficient from
the IT’IS tissue database at 15 GHz [20]. It represents
incoherent, unpolarized illumination. The function g gives
zero absorption where the surface faces away from the
incoming direction. We apply this law to the 56,024-element
Duke anatomical mesh [21]. With triangle area Ar and body
mass mbody, the normalized endpoints are

P̃abs(x) =
∑
r

ArS̃ab(r,x),

S̃ARwb(x) =
P̃abs(x)

mbody
.

(5)

P̃abs has units m2, and S̃ARwb has units m2 kg−1 per unit
ρAPEIRP.

D. Numerical settings and route statistics
For each independent run, the calculation launches 200,000
primary rays per observation point and collects single-
reflection diffuse power in 4,096 fixed angular cells. Direct
and specular paths are not binned on this grid, which does
not control the launch directions. The calculations use 64
runs with seeds 7 through 70 and keep cumulative results
after 4, 8, 12, 16, 32, 48, and 64 runs. Only the diffuse
estimate varies between runs. Whole-body SAR values and
body-surface fields are averaged before route statistics are
computed. The ten routes give 10,432 directional body fields
from 2.086 billion primary rays. Route quantiles use linear
interpolation over equally weighted points, and empirical dis-
tribution positions are (rank−0.5)/n. Excess above direct-
path power is computed only where direct power is positive.
Points with zero direct power remain in the SAR distribution
but have no finite excess value. Ray calculation takes 5.95 to
73.77 s per city on one NVIDIA A6000 GPU. These times
exclude image acquisition, alignment, depth estimation, and
surface-label assignment because their full times were not
recorded.

III. Results
A. Validation
Before applying the model to the ten city routes, validation
against deterministic quadrature and Sionna RT tests the
single-reflection diffuse estimate. Fig. 4 shows the compari-
son in an open-square scene with 27 sources, 6 receivers,
8 triangles, and one diffuse reflection. The scene has no
specular reflection, refraction, or diffraction. Deterministic
surface quadrature uses 2,097,152 samples. The adjoint
calculation uses 50,000 primary rays for each of four seeds.
The independent Sionna RT forward calculation uses 50,000
samples per source for each of three seeds. The maximum
adjoint-to-quadrature difference is 1.43% for the reflected
component. A separate comparison of total received power
gives a maximum adjoint-to-Sionna difference of 0.80%.
Fig. 4 also shows the reflected component and its signed
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FIGURE 3. Forward and adjoint sampling for the single-reflection diffuse component. (a) Forward sampling launches rays from every roofline segment.
(b) Adjoint sampling launches one set of rays from the observation point and tests visible source connections at the first surface hit.

percentage difference from quadrature. This test covers dif-
fuse normalization, visibility, inverse-square loss, and cosine
terms in a one-reflection scene.

B. Route exposure
After this controlled check, Fig. 5 compares the route dis-
tributions and component shares across all 163 observation
points. Table 2 complements the figure with exact route
quantiles and excess above direct-path power. Normalized
whole-body SAR is reported in m2 kg−1 per unit ρAPEIRP.
A physical value requires multiplication by a deployment’s
areal source density and EIRP. The figure includes all 163
observation points and marks the six with zero direct and
zero single-reflection specular power. The largest selected-
route median (Mexico City, 0.1291 m2 kg−1) is 14.31 times
the smallest (Milan, 0.009016 m2 kg−1). Mexico City and
Tokyo Hachiko have the widest spread along a route and the
lowest tails.

Fig. 5(b) shows the additive component shares. Of the
157 points with line of sight, direct power is largest at
156. The single-reflection specular component is largest at
Brussels point 2. Mexico City points 0, 1, and 3 and Tokyo
Hachiko points 13, 14, and 15 have zero direct and zero
specular power. The single-reflection diffuse component is
the only nonzero contribution at these six points. Across all
163 points, the separate component medians are 78% direct,
20% specular, and 0.5% diffuse. These medians do not sum
to 100% because each is computed separately. The small
pooled diffuse median does not represent the six shadowed
points.

C. Convergence across runs
Between 48 and 64 runs, the largest pointwise change in
total received power is 0.32% at a shadowed point in Mexico
City. The next largest change is 0.13% in Tokyo Hachiko.
The maximum is below 0.023% on each of the other eight
routes, and every route-median whole-body SAR is stable.
At one shadowed point in Mexico City, the largest single-

run diffuse estimate is 5,738 times the median run estimate.
This concentration explains the larger lower-tail variation.
This comparison quantifies ray-sampling convergence for the
fixed routes. The supplementary material gives the complete
48-to-64-run comparison.

D. Material sensitivity
A paired control for Madrid and Mexico City replaces
all image-derived materials with geometry-based defaults.
The geometry, route, rooflines, body, seeds, number of
rays, and propagation steps remain unchanged. In Madrid,
the image-derived case increases normalized whole-body
SAR by 5.5%, 5.9%, and 6.4% at q10, q50, and q90. In
Mexico City, the image-derived case gives a roughly 305-
fold larger q10, a 3.6% smaller median, and a 2.4% larger
q90. The large lower-tail ratio occurs at three shadowed
points where both values are near zero and only diffuse
power is nonzero. Direct power is identical in every pair.
In Madrid, image-derived materials increase the median
specular component by 54% and reduce the median diffuse
component by 94%, but increase the total median by only
5.9%. The control includes both surface parameters and the
treatment of woody vegetation as nonblocking. Independent
surface measurements are required for a material-accuracy
assessment. The supplementary material gives pointwise and
component results.

IV. Discussion
Route-median normalized whole-body SAR differs by a
factor of 14.31 across the ten selected routes. Fig. 2 links
this spread to street width, building height, roofline visibility,
surface materials, canopy, and directional body coupling.
Each distribution describes its fixed route and observation
points. Therefore, the 14.31-fold contrast describes the se-
lected routes under this model.

The single-reflection diffuse component is small at most
points, with a pooled median of 0.5%, but it is the only
nonzero contribution at the six fully shadowed points. A
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FIGURE 4. Controlled validation of the single-reflection diffuse component. (a) Deterministic surface quadrature, the adjoint estimate, and the
independent Sionna RT forward calculation at six receivers. (b) Signed percentage difference from quadrature. Error bars give the standard error across
four adjoint seeds and three Sionna seeds.

TABLE 2. Fixed-route exposure summary. Whole-body SAR is normalized per unit ρAPEIRP. Excess above direct-path power is computed only at points

with nonzero direct power.

Normalized whole-body SAR [m2 kg−1]

City q10 q50 q90
Median excess

above direct [dB]
Shadowed

points

Brussels 0.02502 0.03119 0.03371 1.43 0
Ghent 0.05784 0.06205 0.06867 1.16 0
Krakow 0.006717 0.02252 0.04927 0.92 0
London 0.01175 0.01501 0.01744 0.90 0
Madrid 0.02091 0.02238 0.02317 1.55 0
Mexico City 1.01× 10−6 0.1291 0.2958 0.69 3
Milan 0.008529 0.009016 0.009861 1.14 0
Prague 0.01216 0.01307 0.01460 1.09 0
Tokyo Hachiko 3.63× 10−5 0.009674 0.02520 0.84 3
Toulouse 0.02431 0.03022 0.04292 0.84 0

propagation model without this component would assign
zero exposure to those positions. Therefore, the diffuse
component is necessary to retain nonzero exposure at these
positions.

The paired control shows how image-derived surface in-
formation changes the body result. Direct power is identical
in both cases. In Madrid, the specular and diffuse changes
have opposite signs, while the total route median increases
by only 5.9%. The Mexico City median decreases by 3.6%.
Its large lower-tail ratio comes from three shadowed points
where both estimates are near zero. The image-derived case
also treats identified canopy as nonblocking because the
city geometry has no canopy volume. The control tests
both the surface parameters and vegetation rule. Independent
surface measurements are required for a material-accuracy
assessment.

This study covers ten selected routes at one frequency with
one body model, one roofline source model, and one set of
image-derived surface labels. The normalized values can be

scaled to a specific deployment when its transmitter distribu-
tion matches the source model. The propagation calculation
includes direct paths and one specular or diffuse reflection.
The controlled comparison covers the diffuse component in a
one-reflection scene. Variation across 64 runs quantifies ran-
dom ray-sampling error. Geometry, image alignment, surface
labels, route choice, transmitter placement, body shape, and
body orientation form separate sources of uncertainty. The
recorded GPU times cover the ray and body calculations.

V. Conclusion
This study contributes a human-centric digital twin that uses
SAM 3 Agent for agentic material assignment, a normalized
roofline source model, and direction-aware body coupling
for RF-EMF exposure assessment. Across 163 observation
points on routes in ten cities, normalized route-median
whole-body SAR differs by a factor of 14.31. Direct power
is largest at 156 of 157 points with line of sight. The
specular component is largest at one point, and a diffuse
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path is the only nonzero contribution at six shadowed points.
Controlled validation gives maximum differences of 1.43%
from deterministic quadrature and 0.80% from Sionna RT.
Increasing the number of runs from 48 to 64 changes the
total at any point by at most 0.32%. These values describe
the selected routes under the stated roofline source model.

Image-derived materials increase the Madrid route median
by 5.9% and decrease the Mexico City route median by
3.6% relative to geometry-based defaults. Future work will

consist of outdoor field validation, measured transmitter
distributions, higher reflection orders, and tests of more
routes, frequencies, body models, and orientations.

Data and Code Availability
The ten-route results, analysis scripts, and figure scripts are
kept in the study repository. A stable public archive with a
versioned digital object identifier will be deposited before
publication. The 360-degree street images and commercial
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photogrammetric tiles are governed by their providers’ terms
and are not redistributed. Their identifiers are retained so the
inputs can be obtained again where the licenses allow it.
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