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ABSTRACT
Exposure to solar ultraviolet (UV) light is the main causative factor for skin cancer. UV exposure depends on environmental and individual factors. Individual
exposure data remain scarce and development of alternative assessment methods is greatly needed. We developed a model simulating human exposure to
solar UV. The model predicts the dose and distribution of UV exposure received on the basis of ground irradiation and morphological data. Standard 3D
computer graphics techniques were adapted to develop a rendering engine that estimates the solar exposure of a virtual manikin depicted as a triangle mesh
surface. The amount of solar energy received by each triangle was calculated, taking into account reflected, direct and diffuse radiation, and shading from other
body parts. Dosimetric measurements (n=54) were conducted in field conditions using a foam manikin as surrogate for an exposed individual. Dosimetric results
were compared to the model predictions. The model predicted exposure to solar UV adequately. The symmetric mean absolute percentage error was 13%. Half
of the predictions were within 17% range of the measurements. This model provides a tool to assess outdoor occupational and recreational UV exposures,
without necessitating time-consuming individual dosimetry, with numerous potential uses in skin cancer prevention and research.
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INTRODUCTION
Solar ultraviolet (UV) radiation is the main environmental risk factor for the most common cancer worldwide: skin cancer (1). According to the WHO, excessive
sun exposure leads to 60 000 premature deaths each year (2). Of these, about 48 000 are due to melanoma, the most lethal cutaneous cancer, and 12 000 to
epithelial skin carcinomas (basal cell carcinoma (BCC) and squamous cell carcinoma (SCC)). With an estimated 10 million new cases of BCC and 2.9 million
cases of SCC per year (2) the overall burden of epithelial skin cancer is considerable. The lifelong risk of developing BCC or SCC for a fair skinned child is 2030% and 10%, respectively (3).
Affecting relatively young people, melanoma is one of the leading causes of lost productive years. Contrary to melanoma, epithelial skin cancers tend to
progress slowly and occur mainly on chronically sun-exposed body sites, which facilitates early detection and explains their much more favorable prognosis (3).
Intermittent sun exposure is the major causal factor for melanoma (4) and probably BCC (5). Indeed, steady rises in skin cancer rates over the last 50 years are
consistent with the increase in outdoor leisure activities and holidays in sunny areas, and the temporal changes in clothing favoring exposure of a wider skin
surface.
SCC is predominantly induced by chronic (cumulative) sun exposure, leaving outdoor workers, such as agricultural and building workers, at greater risk (6-8).
The association between occupational UV exposure and epithelial skin carcinomas, and the causal association between acute recreational exposure and
melanoma have partly been postulated from differences in site distribution of skin cancers (9). Although the etiologic importance of the anatomical location for
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cutaneous cancer has been established (10,11), exploitation of this variable remains limited, partly because of the lack of precise sun exposure measurements
for various body parts during at-risk activities (12).
Increase in incidence of skin cancers and issues regarding ozone layer depletion have increased public awareness towards UV exposure, and consequently,
enhanced the need to have reliable UV irradiation exposure data. Currently, UV ground radiation measurement stations operate worldwide (particularly in the
United States, European countries and Australasia) using either broadband detectors, spectro-radiometers or multifilter rotating shadowband radiometers.
Ground irradiance estimates are also available from satellite retrievals on a global scale (13,14). However, satellite UV data are the results of radiation transfer
modelling considering the atmospheric components detected with the satellite instrumentation. As such, their spatial resolution is limited and the data is valid
only for relatively large area. Furthermore their uncertainty is large in cloudy or high albedo situations. Finally, radiation transfer model (15,16) estimates are
reliable in clear-sky situations. Ground irradiance is unfortunately a poor predictor of effective individual exposure (17). Individual factors such as posture,
orientation to sun, clothing and other sun protective behavior, exposure duration and time strongly affect effective exposure levels (18). Occupational exposures
beyond 100% of the ambient ground irradiance have been measured on some body parts of outdoor workers (17,19). Body posture (ie. standing and sitting
positions) has been shown to be determinant in the exposure of anatomical areas (20).
Wide variations in relative body exposure have been reported. According to (21), the human body receives 24 to 61% of the total ambient ground irradiance,
depending on the time of day and time of year. For a given individual and weather condition, exposure of various anatomical sites ranges from 13 to 76% of the
exposure to the vertex of the head (22), and posture and orientation accounted for at least 38% of the total variance of relative individual exposure. When
6

applying a geometric correction for the fact that humans rarely lie on a horizontal plane while outdoors, Pope et al. (23) estimated that people are exposed to
less than half the ambient ground irradiance. Even when receiving a moderate fraction of the total ambient ground irradiance (ca. 20%), fair skinned outdoor
workers can be exposed to UV levels exceeding those sufficient to induce a sunburn (24).
Dosimeters, such as photo-electrical captors or photosensitive chemicals/biologicals dosimeters are available to assess individual exposure. Occupational
exposure limits proposed by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) have been adopted in several countries. However
individual exposure is seldom measured. Indeed, dosimetry remains tedious and resource consuming as several dosimeters are required per subject to measure
body-specific exposure. Moreover, dosimetric measurements tend to be situation-specific and prone to epidemiological biases, making generalization difficult.
These limitations led to attempts to develop tools to predict individual exposure without necessitating individual dosimetry. Recent efforts have been brought to
the application of 3D human modeling for estimating exposure to radiation in general (25-28). They are mostly dedicated to medical applications and artificial
sources as exposure to X-rays or IRM. Some models are also specifically applying 3D computer graphics techniques to address UV exposure (29-32). These models
usually assess exposure of various body parts by correcting the UV irradiance measured on horizontal surfaces or by measuring UV irradiance on an inclined
surface corresponding to the tilt on the body. The ASCARATIS (Angle SCAnning RAdiometer for determination of erythemally weighted irradiance on TILted
Surfaces) model is an example (30,33). The surface of a three dimensional (3D) human model was coloured according to irradiation data measured for different
angles allowing a direct vizualisation of the results. However, this model does not take into account the occlusion phenomenon or shading from other body parts.
Another study used polysulphone film dosimeters on a rotating manikin head to set up exposure ratios for some anatomic locations (31). Currently limited to the
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head, this approach could be extended to assess the exposure of the whole body but this would require more worktime and dosimetric resources. A 3D
modelling approach, based on solar trajectory and radiative transfer models has also been proposed (34). This approach is limited by the accuracy of the
radiative transfer model and its accuracy has not been tested in field conditions.
We present in this paper a prediction model of individual UV exposure based on existing techniques in 3D rendering, and 3D human modeling. We have
developed a specific 3D rendering engine adapted to estimate UV light interactions over a 3D body shape surface. The MakeHuman software (35) provides a
state of the art modeling environment of human body based on articulated skeleton techniques (36,37). It is used to create 3D surfaces of various human body
morphologies and postures that are then fed into the UV rendering engine. This article describes our model, discusses its performances in field conditions and its
potential perspectives for public health, prevention and research on skin cancer.

8

MATERIAL AND METHOD
The SimUVEx model
Our model, named SimUVEx (Simulating UV Exposure), used general continuous datasets (csv files) of ambient ground irradiance to estimate the dose and
anatomical distribution of UV received by exposed individuals (Figure 1). The data, were fed into a solar radiation model in which direct I(t), diffuse D(t), and reflected

R(t) (reflection from the ground) components were taken into account separately. Exposure to various anatomical locations was obtained by exposing a 3D
virtual manikin to the radiation sphere, discretized into n sub-surfaces, for a given duration. The exposure levels and doses computed during the simulation can
be visualized on comprehensive 3-D images using expressive rendering techniques.

(Figure 1 about here)

Input data
Three ambient irradiance datasets over time are required as input parameters in the model, including: (1) the direct, (2) the diffuse, and (3) the ground reflected
irradiance (W/m2). Sun position, defined by its azimuth p(t) and zenith d(t) angles, is also required to describe direct irradiation. The model derives radiances
from these input using simplifying hypotheses. Such input data can be obtained from meteorological stations equipped with multiples broadband radiometers
9

(e.g. one for direct – or global with subsequent subtraction of the diffuse component – radiation, one for diffuse radiation with a shadowing disc and one turned
upside down for reflected radiation). Alternatively these data can be obtained from atmospheric radiation transfer models (RTM) such as libRadtran (15) or TUV (16). In
clear-sky situations, RTM programs can give accurate estimates of the irradiance components mentioned above. However, the use of data issued from RTM in a cloudy
atmosphere is usually precluded by the complexity of accurately describing the cloudy situation. In response, many efforts have been recently devoted to reconstructing UV
irradiance in complex situations based on proxies. Particularly, the overall influence of cloud on radiation can very well be extracted from measurements of the total solar
irradiance (not restricted to the UV range) and extrapolated to the UV range by semi-empirical algorithms (for an overview, see (38)). Such methods allow profiting from the
much higher density of total solar irradiance observation networks compared to observations restricted to the UV range. However, until now, these methods have been applied
to global irradiance and not to the direct and diffuse components, and some more developments will be required for inferring the components from such methods.

Postural and morphological data corresponding to the exposed individuals are also required as input parameter. Postures are defined as a set of angles values.
Each value defines the angle at a joint articulation of a simplified skeleton. Morphologies are defined as a set of local scaling values. Each value is applied to
locally scale a 3D shape body template. Any posture or morphology can be produced with the MakeHuman software and fed into the simulation. The simulation
engine reads 3D meshes representing the designed body shapes.

Radiation modeling
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Derivation of UV radiation exposure from irradiance is based on simplifying the reflected R(t) and diffuse D(t) components as hemispherical isotropic sources with timedependent intensities (Figure 2a). Such an approach is solved by deriving an isotropic (constant) radiance in a hemisphere from a measured irradiance. For example for diffuse
radiation, assuming the broadband detector has a perfect Lambertian (or cosine) response:

I D (t ) = ∫

2π

ϕ =0

π /2

dϕ ∫

θ =0

dθ u D (θ , ϕ , t ) cos θ sin θ = 2π u D (t ) ∫

π /2

θ =0

dθ cos θ sin θ = 2π u D (t ) 12

Where ID(t) is the measured diffuse irradiance and uD(t) is the diffuse radiance. Then, the integrated diffuse radiance from a given direction and solid angle covering a given
surface area in the hemisphere is:

D(t ) = u D (t ) ∫ dϕ ∫ dθ sin θ = u D (t ) AS = 2 I D (t )

AS

2π

.

Both hemispheres were discretized into regular sub-surfaces (typically about 400 sub-surfaces), and the term

AS

2π

represents the ratio between the solid angle

corresponding to the sub-surface and the hemisphere. Thus, each sub-surface was assigned with one portion of the total radiation component and was represented

by its barycenter. The reflection from the ground was assumed to be isotropic, and equal amount of energy was assigned to each sub-surface element of the
bottom half-sphere. However, diffuse radiation is known to be anisotropic, particularly near the ground and close to the sun during clear days (39). The model
accounted for anisotropy near the ground by attenuating the energy allocated to sub-surfaces at the base of the diffuse half-sphere. The diffuse radiation was
assumed to decrease linearly between an elevation angle of 25° and the horizontal plane (0°). The difference between the latter representation and the former
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hypothesis of diffuse radiance isotropy introduces an uncertainty of a few percent. Anisotropy near the sun was not considered in the model in order to limit its
complexity. Anisotropy is sun-position dependent, and a possible inclusion of its effect would require recalculation of each simulation step.
The direct component I(t) is described as a parallel source of radiation varying in intensity with time and in direction with the sun position (Figure 2a).

(Figure 2 about here)

Body modeling
Traditional 3D human modeling and animation approach, based on articulated skeleton and 3D surface skinning (36,37,40) were used to produce a 3D virtual
manikin in standard working positions (Figure 2b). To estimate UV exposure, only the outer shape (skin) of the body was required. Therefore, the surface of the
virtual manikin was depicted as a single 3D mesh of connected triangles, whose size density depends on the desired resolution (typically about 4,000 meshes).
The virtual manikin models were produced in the open source software modeling package MakeHuman (35), an interactive modeling tool for creating custom 3D
human characters.
In order to optimize the computing resources, the density of the vertices in the mesh can be tuned to provide an appropriate balance between body details and
computation time. We produced the body mesh at a very high density and apply mesh simplification techniques (41) to reduce the density. These techniques
12

reduce the mesh density but keep the reduced mesh shape as close as possible to the original one. A low density mesh loses body shape details such as the
nose or the ears but reduces the required computation time. For our experiments, we used a 4000 vertices resolution mesh. It appeared to provide an appropriate

detailed mesh at a reasonable time cost.
Radiation-body interaction modeling
Each triangle of the virtual manikin received a specific amount of radiation according to its exposure to the different virtual sources of solar radiation. This
exposure depended on radiation intensity, orientations of the triangles and light sources as well as shading from body parts (e.g. the stomach is protected from
direct radiation when the sun is behind the body). Figure 3 illustrates the principles of diffuse, reflected and direct radiation exposures computations.
Direct radiation. The direct component was considered as a directional light source I(t) . For each time step, we estimated which vertices in the 3D mesh were
visible from the directional light source. As illustrated in (Figure 3b), the amount of direct radiation energy ( Ev ) received by a vertex can be expressed as:
[J/m2]
t

E v = ∫ I(t) ⋅ cos φ ⋅ dt

φ beingt0the angle of incidence between the direct light and the vertex normal (also called pseudo-normal). The vertex normal Nv is obtained by averaging and
normalizing all the normals of the triangular meshes Nt adjacent to the vertex: For n adjacent triangular meshes, the vertex normal becomes:
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∑
=
∑

n

Nv

Nt

t =1
n

Nt

t =1

Diffuse and reflected radiation. For each vertex of the 3D mesh, the number of sub-surfaces of each hemisphere visible from the vertex were calculated (see
Figure 3 a) to built a so-called "visibility" map. This map needed to be constructed only once for the whole exposure session (only the exposure value changed
over time). Visibility computations required numerous intersection estimations, and consequently needed substantial computation time and resources (42). The
energy contribution from each visible sub-surface to exposure of a given vertex was computed similarly to the direct radiation, φ being the angle between the
vertex normal and the normal to the diffuse/reflected sub-surface considered.

(Figure 3 about here)

Visualization. The 3D visualization aims at enhancing understanding. To reveal the exposure distribution over the body surface, we defined an intuitive
expressive rendering schema. The exposure value computed for each vertex was mapped to a simple three color scale: blue, green, and red for low,
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intermediate, and high values, respectively. Colors represented the ratio of the vertex exposure value to the ambient ground surface dose on a horizontal plane (values
higher than the ground surface dose were white).

Implementation
The prototype application was developed in C++, based on available open source library VCG (43), dedicated to manipulation and processing of triangle
meshes, as a plug-in in the open source software package MESHLAB (44). The application reads continuous datasets of ambient ground irradiation
measurements and sets of 3D body models representing people in various positions. We defined a simple scenario by assigning any available position to given
time frames. The simulation engine estimated the exposure. A dataset of estimation measurements and the visualizations of the exposed 3D manikins were
produced.
Field measurements
The field measurements were mostly collected during a session from 21 to 25.05.2007 at the MeteoSwiss Payerne station (46.815°N, 6.944°E), which is located in
an open field area at 491m above sea level. Some supplementary data were collected at the same location on 10.07.2008. Only data collected between 9am and 6pm
were used in the analysis. During the first session, relative sun duration was between 50 and 90% depending on the day, and 95% for the 10.07.2008, indicating direct sunlight
for most of these days and predominant clear-sky conditions. The Payerne facility is part of the Baseline Surface Radiation Network (BSRN) of the WMO World

Climate Research Program (45). Ambient direct, diffuse and reflected UV irradiance are measured concomitantly every minute at this facility. All components are
measured with SL501A broadband detectors with filters mimicking the erythemal response. The instrument measuring the direct component is mounted within a
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collimator on a sun tracker, the diffuse component is measured by an instrument shaded with a disc controlled by the sun tracker and the reflected component
by an instrument turned upside down. The UV broadband radiometers used at the Payerne station undergo strict quality assurance procedures including regular
calibrations traceable to the European Ultraviolet Calibration Center (46).
We used CIE erythemaly weighted Spore film dosimeters (BioSense, Bornheim, Germany) positioned on an articulated foam manikin (Etal’Pro, Annecy, France)
for individual exposure measurements. The lower detection limit of the dosimeters used was 100J.m-2 (1SED) with accuracy ranging from 5% to 20% standard
deviation (SD, laboratory conditions and unfavorable field conditions, respectively) (47,48). A SD of 15%, corresponding to conservative average accuracy in
field conditions has been considered in this paper. Five static body postures were investigated: seated, kneeling, standing bowing, standing erect arms down,
and standing erect arms up. Eight body locations were investigated systematically for each posture: neck, low back, left and right shoulders, right wrist, chest,
forehead, and top head. Top head exposure was represented by dosimeters positioned on a horizontal plane. Additional body locations were also investigated
for the standing erect arms down posture, which is common to numerous leisure and occupational activities. In total, 54 dosimeters were used.
Numeric simulations
First, simulation runs were conducted to predict the exposure of a plane surface at ground level. This scenario mimics the exposure of the broadband detector
on a horizontal plane. Direct, diffuse and reflected radiation were computed and measured separately every minute. Simulation results were then compared to
the radiometers measurements to validate some basic model elements (e.g. radiation model, radiation-surface algorithm) and identify possible modeling errors
(later referred to as internal validation).
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Secondly, simulation runs were conducted to predict the exposure of the virtual 3D manikin in the same body posture as the foam manikin. Discrete
computations, using time steps of 1 minute, were performed successfully to simulate daily exposure. Simulation times to compute a single day exposure in these
conditions (9 hrs, 1 min step, 540 simulation steps, 4000 meshes) using a personal computer (HP EliteBook 8540p, 2.4 MHz, 4 Gb RAM) were typically of 8 min
when starting from scratch or 3 min when using pre-existing visibility maps.
The computed daily doses for the 5 investigated body postures and 8 body locations were compared to dosimetric measurements obtained in field conditions.
This comparison was used to test the performance of the overall model (field validation).
The performance of the SimUVEx model was evaluated in terms of the symmetric mean absolute percentage error (sMAPE) as follows.

e meas − e pred
1
n
sMAPE = ⋅ ∑i=1
n
e meas + e pred

(

)

Eq. 3

Where n is the number of measurements, emeas the measured exposure and epred the predicted exposure. sMAPE ranges between 0-100%, 0% corresponding to
a perfect prediction.

17

RESULTS AND DISCUSSION
Model validation
The SimUVEx model predicted accurately the measured values during internal validation. Relative errors in global irradiation of 3-4 % were typically found
between simulated plane surface and the ground measurements during an exposure day. sMAPE were 3.%, 1.10-6 %, 2.10-2 % (n=482), for diffuse, direct, and
reflected components, respectively. The accuracy of the direct and reflected prediction is partly explained by the fact that the same measurements were used as
field reference values and as input data in the setting of the light source model during internal validation. This procedure excludes de facto any interference from
field measurements uncertainties. These results indicate that: (1) the hypotheses used in the light source model are adequate (e.g discretized diffuse and
reflective half-spheres) and that (2) there was no major flaw in the computation method and algorithm used. The lower performance observed for the diffuse
irradiation prediction is due to the fact that the diffuse component was considered as an isotropic model input, but was allowed to decrease linearly to 0 at low
elevation angles (between a threshold angle and the horizon) in the computation. Overall the impact of this simplifying hypothesis on the performance of the
model remains small.
The results of the field validation obtained for various body postures and body locations are presented in Figure 4. SimUVEx predictions were in the same order
of magnitude as the measured values and overall in agreement with the expected values (gray line). Five measurements were removed; three were aberrant
when compared to other measurements collected the same day and were obvious dosimetric errors; and two were irrelevant because of an inadequate
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positioning of the foam manikin's head during the dosimetric measurements. The sMAPE for the remaining results (n=49) was 13%. Half of the predictions fell
within a 17% range of the measurements and 75% within a 40% range of the measurements.

(Figure 4 about here)

Several sources of uncertainties may explain the differences observed between predicted and measured values in field conditions: (1) the model hypothesis, (2)
the accuracy of the spore film dosimeters and, (3) the field measurement procedure. It was difficult to have an exact match between the posture and morphology
of the foam and virtual manikins. This may lead to discrepancies in both orientation and shading of the body surfaces. Moreover, due to their shape and size,
dosimeters may have a slightly different orientation compared to body surfaces. Uncertainties related to the measurement procedure were not accounted for in
the 15% dosimetric error but may contribute significantly to the overall uncertainty. Uncertainties also arise from the model radiance derived from irradiance
measurements. Careful and regular calibration were made for reducing the irradiance uncertainty due to differences between the shape of the broadband
radiometer filter transfer function and the erythemal weighting function, as well as filter degradation and non-Lambertian response. Uncertainty for 1-min
measurements is on the order of 10%. Part of it is statistical variation and is reduced when considering longer aggregation times, but a 5-8% uncertainty remains
from calibrating procedures (49).
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Predictions/measurements ratios by body parts are presented in Figure 5. Overestimated and underestimated predictions appear overall balanced, showing no
systematic bias in the model. An underestimation of the predictions can however, be observed in Figure 4 for high exposure measurements. On average,
predictions were 27% lower than actual measurements but only for measurements over 3000 J/m2. The fact that anisotropy near the sun was not taken into
account in the model may explain this tendency. Highly exposed body surfaces were facing the sun and were therefore more affected by this phenomenon.
Measurement conditions reflected a worst-case scenario in that respect as anisotropic effects are more important in clear-sky conditions (39).
Although site-specific data were limited, no clear pattern emerged when considering body parts. This suggests that random errors (e.g. dosimeter orientation
error) play a major role in the overall uncertainty. The contribution from uncertainties in measurement procedures is unknown; however, the overall model to
observation differences remain low (in the context of a deterministic model), indicating that the model was adequate in predicting exposure to solar UV.

(Figure 5 about here)

Using simulation data
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Simulation produced large amount of data since direct, diffuse and reflected radiation were computed separately for each vertex at each simulation step.
Depending on the needs, SimUVEx can compute and provide these data in several ways: average exposure doses for various body parts, doses for specific
anatomic locations, instantaneous exposures, or relative contributions of different radiation sources. Simulation results can be visualized, using false color
mapping (Figure 6a-c).

(Figure 6 about here)

Body posture and orientation to the sun play a key role in skin exposure to UV and are duly taken into account in the model. In real life situations, individuals
hardly stay static and postural and orientation changes over the exposure period must be considered. Thus, additional functionalities were integrated into the
numeric tool. Two dynamic situations were considered: a changing orientation for a given posture and a sequence of different orientations and postures. The first
situation is typical for an activity involving movements with a predominant posture (e.g. working in a vineyard, on a tractor). The virtual manikin was rotated in
each simulation step to obtain an "average" orientation (Figure 6d). In the second situation, orientation and posture were defined over time by the user. This
method was more comprehensive and required a sequential recording of the postural activity for each exposed individual.
Perspectives
21

SimUVEx is an inexpensive tool to assess occupational and recreational exposure to solar radiation, providing exposure estimates and detailed exposure
distribution for the entire body. Skin cancer research and prevention may benefit from this tool in identifying overexposed populations due to outdoor activities in
various environmental conditions, and thus trigger preventive actions. It must be pointed out that the model requires no individual exposure (dosimetric) data.
Only postural information and ambient ground irradiance data (sun location and diffuse, reflected and direct UV irradiance), which may be obtained from
meteorological stations equipped with broadband UV radiometers, are required.
However the most common measurement of UV irradiance is global UV irradiance, while the direct and diffuse components are only available at a limited
number of stations. Alternatively to broadband UV radiometry, other data sources can enhance the input data availability to virtually any location: satellite
estimate, radiation transfer modelling or semi-empirical UV reconstruction methods. Satellite estimates and radiation transfer models are reliable in clear-sky
situations but significant uncertainties arise in more complex situations. This limitation is acceptable from a public health perspective since clear-sky situations
usually lead to the most important doses. Semi-empirical methods perform well in cloudy situations, but have been applied to global irradiance rather than to the
direct and diffuse components. Since new pyranometers have been developed that can provide the components without costly sun tracking systems (Delta-T
pyranometer - SPN1), it would probably be possible to devise semi-empirical methods for the direct and diffuse component as well. In situ measurements
(ground irradiance measurements), using portable dosimeters can also be considered when facing specific environmental conditions (e.g. reduced sky view).
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In retrospective epidemiologic studies, this tool can help quantifying past UV exposures, producing an exposure-response, and ultimately provides a better
understanding of skin cancer risk. Moreover, the distribution of anatomical UV exposure can be compared with epidemiological data on site of skin cancers and
enhance our etiologic understanding.
In prospective exposure assessment studies, simulations may be performed to prevent overexposures in new activities or to assess the impact of new
environmental conditions or the effectiveness of individual protection measures (eg. protective clothing) on UV dose received. Acute or subacute exposure can
be investigated using simulation of short time periods or instantaneous exposure levels. Short-term dosimetry data are sparse despite the fact that acute and
subacute exposures are known to contribute significantly to melanoma risk (18).
A great advantage of this tool is that it can readily illustrate exposure scenarios to various audiences (researchers, health authorities, work employees, the
general public). This is especially relevant in the prevention of UV overexposure (e.g. by helping people visualize the impact of UV radiation (red, green, and
blue) and encourage them to dress adequately for outdoor activities. Sensitizing people about the importance of their own activity in reducing exposure has been
shown to be an effective strategy (50). The vizualisation tool could serve to illustrate the effect of some behavioral changes on the UV dose received or to
translate UV irradiation information, such as the UV index, into sunburn risk for typical daily activities.
The current SimUVEx version allows the incorporation of clothes and sunscreens with their protection index to different body parts. Further developments to
enlarge the tool capabilities are also being considered. New body postures could be added to the five postures considered in this study to target a wider range of
occupational or leisure activities (e.g, lying on the ground when sunbathing). New morphologies could also be added to the tool libraries to address populations
23

of different size, gender or age (e.g. UV exposure to children or women). 3D objects can also be added in the model to take into account sources of shade
specific to the local environment (e.g. building, parasol). It could be used to measure the personal solar UV exposures in diffuse UV settings for instance.
SimUVEx may also be refined to improve its accuracy. Diffuse or reflected half-sphere description could be enhanced by adding more sub-surfaces or taking into
account anisotropy near the sun. However, the benefit (accuracy) of such development has to be carefully weighed against its cost (computation time). We
believe the current model is a good compromise between these two factors. Further developments may be nevertheless of interest in unusual environmental
exposure conditions, such as highly reflecting and heterogeneous environment (e.g. water surface).
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FIGURE CAPTIONS:

Figure 1. Schematic view of the SimUVEx model

Figure 2. Model components (A) irradiation model including direct, diffuse and reflected components, (B) Virtual manikins of 4000 and 16'000 meshes

Figure 3. Light-body interaction modeling (A) example of a visibility map used in the case of diffuse or reflected irradiation, (B) computing the energy received by
a vertex for a given light ray

Figure 4. Measured vs. predicted daily exposure doses to solar UV (n=54). Horizontal segments illustrate the 15% uncertainty on dosimetry. Hollow dots are
outliers identified as measurement errors.
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Figure 5. Predicted/Measured daily exposure doses to solar UV (n=49). Shaded area illustrates the dosimetric uncertainty (15% relative error). Body parts are
illustrated as such: ( ) neck, ( ) low back, ( ) left shoulder ( ) right shoulder, ( ) right wrist, ( ) forehead, ( ) top head, ( ) chest and (+) other body location.

Figure 6. Visualizing simulation results for a daily exposure (A) standing erect arms down (B) kneeling (C) seated (D) seated with a changing orientation (90°
rotation every 30 min.). Blue, green, red and white colors were attributed for 0-39%, 40-78%, 79-100 % and >100% of the ground irradiance respectively.
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Figure1. Schematic view of the SimUVEx model
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Figure 2. Model components (A) irradiation model including direct, diffuse and albedo sources, (B) Virtual manikin of 4000 and 16'000 meshes
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Figure 3. Light-body interaction modeling (A) example of a visibility map used in the case of diffuse irradiation or albedo, (B) computing the energy received by a
vertex for a given light ray
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Figure 4. Measured vs. predicted daily exposure doses to solar UV (n=54). Horizontal segments illustrate the 15% uncertainty on dosimetry. Hollow dots are
outliers identified as measurement errors.
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Figure 5. Predicted/Measured daily exposure doses to solar UV (n=49). Shaded area illustrates the dosimetric uncertainty (15% relative error). Body parts are
illustrated as such: ( ) neck, ( ) low back, ( ) left shoulder ( ) right shoulder, ( ) right wrist, ( ) forehead, ( ) top head, ( ) chest and (+) other body location.
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Figure 6. Visualizing simulation results for a daily exposure (A) standing erect arms down (B) kneeling (C) seated (D) seated with a changing orientation (90°
rotation every 30 min.). Blue, green, red and white colors were attributed for 0-39%, 40-78%, 79-100 % and >100% of the ground irradiance respectively..
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