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Abstract

The present work is an analysis and statistical association of distributions of experimental spectral
values of visible and infrared radiation attenuation through the skylight of a museum in the city of
Valencia (Spain). They have been statistically analyzed in summer and winter. This analysis allows
detecting interrelation between data distributions. The spatial association of these distributions is also
analyzed by applying the Yule index belonging to Spatial Statistics. The interest of the index is to
establish a relationship of spatial association of distributions and the structure of the museum. That is,
a contingency matrix is constructed whose value of the elements depends on the shape of the museum's

skylight.

Introduction

It is well known that prevention and
maintenance of archaeological monuments is
necessary. This is known the requirements are
collected in the international charters on the
protection of archaeological sites [1-5].

One of the parameters to define is the effect
of light radiation on archaeological materials.
In [6] the effects of pigmentation change by
light radiation are studied.

In this work, the effects of visible and
infrared radiation are analyzed. The aim of
analysis is a museum built in 2006 in Valencia
(Spain), to preserve an archaeological site
dating back to the founding of the city in the
Roman Republican era [7, 8]. As cover of that
museum, 300 m2) skylight roof was built. The
skylight collects more light and offers a very
striking transparency effect to the public. In
its constitution it consists of a glass plate with
three sheets, with a thin layer of water on top,
which exerts a projecting undulation inside the
museum [9].

In contrast to such a positive visual effect,
the skylight entails cleaning maintenance,
repair of leaks and formation of efflorescence
[10]; as well as an increase in microorganisms,
vegetation, insects and the greenhouse effect
with the consequent low energy effectiveness
[11].

Natural lighting inside the museum produces
great contrasts in the area directly below the
skylight and the surrounding areas hidden by
opaque surfaces.

To solve the problems, it was proposed to
transform the structure into a pyramidal one
[12], or to eliminate the layer of water [13].
This decision was made to maintain the original
structure [14], since the elimination of the water
layer makes thermal control impossible [15,16].

The pernicious effect of transparent
protections has been observed in places with
archaeological heritage. In example, the Roman
Palace of Fishbourne in West Sussex (England)
and the Villa Romana of Piazza Armerina in
Sicily (Italy).

EYaka [17] studied the advantages and
disadvantages of transparent protection,
concluding that it is necessary to carefully
select the material based on the thermophysical
properties. ~ Michalsky  [6,18,19],  has
recommended a combination of lighting and
low impact on the objects for the sake of their
conservation.

Horie [20], proposed the use of solar control
films to reduce levels of sunlight without making
changes to the structure. Al-Obaidi et al. [21]
detected in glass in museum skylights, about the
need to control UV rays. Other authors [22-25],
have proposed glass filters the UVB band of solar
radiation but transmits a large part of the UVA
band.

Tuchinda et al. [25], came to the conclusion
that clear glass allows up to 72% of UV light and
up to 90% of VIS to pass through, depending on
the thickness of the glass.

Li et al. [26] studied circumstances that
influence the UV protection properties of glass.
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Figure 1. (a) Exterior of the “Museo de I’Almoina”’; (b) interior of the museum just below the skylight.

For example, type of glass, color, design and coating. The decrease
in transmittance was analyzed as the thickness of the glazing
sheets increased. Transmittance spectra were measured, showing
small differences between different film thicknesses in the VIS
range and a large difference in the UV and NIR bands.

Serrano and Moreno [27] studied the spectral transmission of
solar radiation from different translucent materials. They showed
that smoked glass has a transmittance between 56 and 68% in the
UVB band and 70% in the UVA band. In the smoked glass, lower
transmittances were obtained as the temperature was higher, being
the origin of this fact in the reduction of the thermal conductivity
when the temperature increases [28].

Longetal. [29], they studied the performance of thermochromic
double glazing in building application, and Aguilar el al. [30]
analyzed the effect of double glazing in concrete in a market.

In this work, the term “relative attenuation” (RA) as the
relationship between the incident external radiation and the
emerging radiation of the skylight, being a concept not included
in the heritage conservation regulations [31,32].

The objective of this work is to analyze the spectral solar
radiation that passes through a skylight of an archaeological
museum. Such skylight contains a thin layer of water in its upper
part. Spectral solar radiation was measured (visible (VIS) and
infrared (IR) bands at specific points in the museum (north,
west, east and center of the skylight) and spectral attenuation
was determined. This magnitude allows comparisons between
points. Spectral measurements allow the detection of changes or
disturbances in specific areas of the spectral bands. While global
values are important, they do not help to understand specific
behaviors, and in the case at hand, structures that partially block
light, more information is obtained with attenuation of spectral
radiation

First, a basic statistical analysis of the attenuations calculated
from the experimental data is performed. This provides a global
view of the evolution of the data as a result of the presence of
the museum's skylight. Secondly, an exploratory data analysis
is carried out following the ideas of Tukey [33]. Third, notions
of spatial statistics apply to detect associations between data
distributions. As common concepts, the following works stand
out: the elaboration of the so-called contingency matrices, and the
use of the 2 test using Croxton's formula [34], as duly explained
in the Methodology section. Another more direct method is the
use of “association degree indices’, such as the “Q index” (or Yule
index) (Gifford and Kroeber, [35]) (Kluckhohn,[36]), and the “V
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index” (Milke,[37]; Driver [38]. Since the Q index equation is the
simplest, it has been adopted in this work.

Solar radiation were measured in three bands: UV (300-400
nm), Visible (400-700 nm) and Near Infrared, depending on the
interval (700-900 nm), (published in Serrano el al.[39]), and the
following tasks have been carried out in this work: Analysis of
visible and infrared values; evolution of the spectral radiation for
each measurement point in the museum; the comparison between
series of measurements (between interior points in the summer).
Determining associations of data distributions using the Q index.
Because we have a continuous Q-index equation, we can apply
differential calculus and determine the total differential and rates
of change, as well as determine a spectral Q- index. Ultimately the
origin of the variations is due to the configuration of the museum.

Materials and methods

Tested materials

The experimental measurements were carried out in the
Museo de I'Almoina, located in the historic center of Valencia
(Spain); coordinates 39° 28' N, 0° 22" Wj; at the sea level. The
study focused on a skylight made of laminated glass that is
made up of three sheets of glass 10 mm thick joined by sheets of
polyvinyl butyral (PVB) (Figure 2), whose function is to increase
the bending resistance of the glass, according to the adhesion
capacity of the sheets, guaranteeing safety against breakage. It
also contributes to reducing the relative attenuation of visible
and infrared radiation, as verified in this work.

Spectral measuring devices

Spectral irradiances were measured with an Ocean Optics
spectrometer [40]: HR4000 for visible and infrared radiation in
the range of 400 nm to 1100 nm. The measurement points were
outside and at different points inside the museum, subsequently
determining the relative attenuations.

The HR4000 schematic is indicated in Figure 3. The
electromagnetic radiation passes through a fiber optic cable to
the spectroradiometer. A key element in the transmission is an
SMA connector. The regulation of the amount of light is carried
out with a slit which falls on the optical bench. A reflection of
the radiation occurs in a collimator-type mirror, producing
diffraction. In a next stage it is projected to the charge coupled
device (CCD) which converts the optical signal into digital.
Finally the information is transmitted from a USB port to the
computer and will be processed by relevant software.
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Figure 2. Light intensity attenuation through the skylight the skylight and the water layer. The initial intensity is represented by "lo" so that it is
reduced by the partial absorption and reflection that occurs circulating through the different layers, reaching the transmission of a fraction to the
interior "I".

Figure 3. Operating diagram of an optical spectrometer such as the one used in this study [41].
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Table 1. Specifications of spectrometer used [42].

Ocean Insight FLAME-S-UV-VIS

Detector Linear silicon CCD array

Entrance slit 25 um

Grating #1

Pixels 2048
Integration time 1 ms—65 s
Optical resolution 1.33 nm FWHM (typical)
Wavelength range 200-850 nm

Input fibre connector SMA 905

Signal-to-noise ratio 250:1 (full signal)

Stray light <0.10% at 435 nm
Calibration uncertainty 10%
Wavelength step 0.10 nm

Figure 4. Spatial distribution of studied points. East point (E), Cen-
tral point of the skylight (C), North point (N), and West point (W).

The spectrometer was calibrated in July 2017 from 250 to 400,
by Ocean Optics, with a measurement uncertainty of approximately
10% across the entire measurement spectrum.

To cover the objective of this work, was distributed the visible
range (VIS) [400, 700] nm and for infrared, 700, 1100] nm.
Data collection

The task of receiving the information provided by the
spectroradiometer was performed on a conventional PC using
SpectraSuite from Ocean Optics, suitable for HR4000-VIS- NIR.

The stages of realization were the following: 1°.- Outside the
museum, the sensor was placed so that it captured the point
of maximum light intensity, that is, towards the solar position
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such that the normal spectral solar irradiance was recorded. 2°.-
Immediately afterwards, measurements were made at 4 points
just below the projection of the skylight (Figure 4). 3°.- The
measures were repeated to avoid possible errors.

The four measurement points were “E” to the East, just at
the entrance; point “N” north of the museum, where there is
a corridor; “W” on west side of skylight; and point “C”, in the
central point of the museum under the skylight.

Two days of measurements were carried out throughout the year:
one in winter (14 January 2020) and one in summer (30 July 2019).
At the top of the skylight there is a thin layer of water (3 cm). In
those days it was measured at different times of the day: morning
(9:00 AM), noon (12:00 PM) and afternoon (3:00 PM) (solar time)
and forever the spectral values were taken were clear. The solar
zenith angle on the data collection days is shown in Table 2.

This procedure was repeated on different days Table 2. Solar
zenith angle (SZA), in degrees, for the studied periods.

Table 2. Solar zenith angle (SZA), in degrees, for the studied periods.

Morning Noon Afternoon
30/07/2019 44.34 19.94 41.80
14/01/2020 75.32 60.97 72.74

Calculation of relative attenuation

When light reaches a semi-transparent surface, part of it
is reflected, part of it is absorbed and part of it is transmitted
through the object (Figure 1). This phenomenon can be
expressed by the following irradiance balance that can be
particularized for each wavelength:

Irrad.

incident,\

+ Irrad

=Ir rad sorbed, transmitted,\ ( 1 )

reflected,\ t Irradab

Optical relative attenuation, as the main magnitude on which this
entire study pivots, defines a relative (dimensionless) quantity that
measures the fraction of incident light passing through a sample,
in this case, the glass of the skylight. It is expressed by the result
of dividing the transmitted light maximum intensity (I ) by the
incident maximum ray intensity (I, ).

RA=I /I, . (2)

The calculations for obtaining this relative attenuation values
were based on the data provided by the spectrometer oriented to
the maximum intensity of light (I , I, ) for each transmitted

0,max
wavelength.

Comparative relative attenuations

The relative attenuation calculations were compared at
different times (9:00 AM, 12:00 PM and 3:00 PM solar hours)
for the same season and same points to evaluate the influence of
irradiance due to the different orientations and inclinations of
the sun throughout the day.

The spectral values of all the points recorded by the VIS and
NIR bands were considered for the same season, the same time
and the same skylight situation (clear days without clouds) to
take into account the spatial variations in relative attenuation
inside the museum.

The selected data were arranged in tables and presented in
graphs using Microsoft Office Excel for a clear visualization of
the results.
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Statistical study

In the first place, the basic descriptive statistics are carried
out using the statistics: mean, standard deviation and coefficient
of variation, which are useful to establish the comparison of
measurements and the detection of data dispersion taking the
central value as a reference. In this case we are interested in
determining the grouping of radiation attenuations within the
interval [0, 1], which corresponds at the unit end to a radiation
equal to the central point C where the maximum luminosity
falls.

To analyze the association between the data distributions
at the interior points of the skylight, taking into account the
existence of factors that control and determine a pattern, they
almost always affect more than one distribution. A tool that helps
achieve this purpose is Association Analysis [35]. It consists first
in the construction of the contingency matrix, which contains in
the rows the frequencies of the values obtained in the arbitrary
partition of the data, using the interval [0 , 1] nm; and the
number of partitions of said interval is arbitrary, using [0, 0.5]
nm and [0.5001, 1] nm. The proposed partition is placed both
in a row and in a column, resulting in a square matrix (Table 3).

In this case, the variables mentioned correspond to the VIS
radiation attenuation intervals at the measurement points.

Table 3. Contingency matrix for two variables.

Table 4. Determination of the relative attenuation of the visible
radiation of the measurement points with respect to the central point
considered as reference.

Point /reference | Average 3:2:;21_ Vacr?aiif;)n
East / central 0,84 0,13 15%
WINTER | North / central 0,82 0,13 16%
West / central 0,52 0,11 21%
East / central 0,95 0,02 2%
SUMMER | North / central 0,98 0,01 1%
West / central 0,28 0,04 14%

DISTRIBUTION TYPE A
a b
DISTRIBUTION TYPE B 4
c

The cells of the matrix represent the covariation of the ranges of
the variables, with cell "a" meaning the joint presence of the values
of the two distributions in the first range; cell "b" represents the joint
presence of the values of the first range of distribution B and the
values of the second range of distribution A; cell "c" is the presence
of values in range two of distribution B with values in range one of
distribution A; cell "d" is the covariation of the elements of the two

distributions belonging to rank two.

The Q index is defined as,
ad —bc
= 3
0 ad +bc ®

TThe interval of existence of the index is [-1 , +1], being the
value (+1) the maximum positive association, and the value (-1)
the maximum negative association, which corresponds to the
segregation between distributions. The null value occurs when there
is no evidence of association.

The values of the Q index are related to the structure of the
museum, since the interdependent values (a, b, ¢, d of equation 3)
are directly proportional to the geometric shape of the premises”

Results

Relative variations of the visible attenuation between
interior points of the museum in summer and winter

As detailed in the Methodology section, the radiation
attenuations of three points inside the museum are compared.
The relative variation of the visible attenuation of the interior
points (east (E), north (N) and west (O)) is studied, taking as
reference a central point (C) of the skylight (see figure 4). The
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south point is omitted because the results are symmetric with
the north point. The results are shown in table 4.

At measurement point W, the relative attenuation is lower than
at the other points because there is a greater number of hours of
sunshine, and furthermore, specifically in summer, the intensity of
incident solar radiation is much higher. However, the increase in
radiation produces a greater number of interferences and therefore
a greater coeficient of variation.

Relative variations of the infrared attenuation between
interior points of the museum in summer and winter

Similarly, this paragraph studies the infrared radiation
attenuations of three points inside the museum. It is considered that
the relative variation of infrared attenuation of the interior points
(east (E), north (N) and west (W)) is analyzed, taking a central point
(C) of the skylight as a reference (see figure 4) . The south point is
omitted because the results are symmetric with the north point. The
results are shown in table 5

Table 5. Determination of the relative attenuation of the visible
radiation of the measurement points with respect to the central point
considered as reference.

Point /reference | Average ztei/nig?ii)i- Vacr?aetif'cm
East / central 0,84 0,13 15 %
WINTER | North / central 0,82 0,13 16%
West / central 0,52 0,11 21%
East / central 0,95 0,02 2%
SUMMER | North / central 0,98 0,01 1%
West / central 0,28 0,04 14%

By means of the coefficient of variation, it is deduced that
there is a great dispersion of the relative attenuations, since in
this area of the spectrum, a greater number of influences from
the environment itself are produced. Reflections and refractions
are very different from the visible region because the refractive
index varies with wavelength (Cauchy's equation [43]). In the
infrared region the refractive indices can be considerably higher.
It highlights the fact that the relative attenuation at point W is
lower than the other points, being the same cause mentioned in
the visible region.
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o’ winter
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Figure 5. Spectral relative attenuation between points W and C. Vis-
ible region.

As an example of the distribution of the relative spectral
attenuation points, Figure 5 shows the comparison of the west
point of the skylight in winter and summer of the visible region,
always taking the central point as a reference.

It is observed that in summer, the relative attenuation is very
small as a result of the high intensity of solar radiation and the
high number of hours of sunshine. The skylight also behaves a little
differently in winter, since the evolution of the relative attenuation
changes at the extremes of the visible region, with respect to the
center of said region (550 nm).

Figure 6 shows the comparison of the west point of the skylight
in winter and summer in the infrared region, always taking the
central point as a reference.

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

° winter

e summer

A.relative W point/C point

700 800 900 1000 1100
wavelength  (nm)

Figure 6. Spectral relative attenuation between points W and C.
Infrared region.

A high dispersion of the values in the IR zone is shown. Between
700 and 800 nm there is a certain concentration of points at two
levels of attenuation (0.4 in winter and 0.1 in summer); beyond
800 nm a scattered and random distribution occurs for the winter
and summer points. The reason has already been discussed in
Table 5.

Variations of the visible and infrared attenuation of the
central point of the museum in summer.

This section studies the attenuation of solar radiation at the
central point of the museum at different times of a summer day.
Summer has been chosen because the solar radiation is higher
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and the measurements show less dispersion when the attenuation
is determined, since the sun's rays have a more perpendicular
incidence orientation in the skylight. On the contrary, in winter,
the solar radiation has a greater inclination, the diffuse component
incident on the skylight being greater than in summer, and this hasa
greater dispersion as a consequence. Figure 7 shows the attenuation
at three different times (9:00 AM; 12 PM; 3:00 PM) in the visible
region. At 12:00 pm. the dimming is less, except at the near-infrared
end, where it is the 9:00 A.M. minor. The skylight filters less
radiation when the incident radiation is more intense. At 3:00 pm.
the attenuation of this distribution of points is, in the entire visible
region, greater than the other two.

Figure 8 shows the attenuation at three different times (9:00 AM;
12 PM; 3:00 PM) in the infrared region. The greatest attenuation
occurs in the afternoon distribution. And the minor, with the
distribution of points in the morning. The figure shows a high
dispersion, in all point distributions, from 900 nm, reaching a
random relationship, its origin being in the behavior of the skylight
materials. Recall the comment in table 6.

3:00 P.M.

©9:00 AM. °12:00 P.M.

o o o
~ % ©

Attenuation

o
o

o
&)

400 450 500 550 600 650 700
wavelength (nm)

Figure 7. Spectral attenuation at center point C. Visible region.

c .
S o e
=1
©
=3
5] .
£ 0,7 B "
< ©9:00 A.M. 8 (S

0.6 ©12:00 P.M.

3:00 P.M.
0,5
700 800 900 1000 1100

wavelength (nm)

Figure 8. Spectral attenuation at center point C. Infrared region.

Analysis of association between distributions of measures

The association of distributions contributes to the knowledge of
the behavior pattern of the museum installation. The geometric
shape contributes to the path of electromagnetic radiation in
its interior, producing a specific distribution that can present
convergences with another distribution made at another moment
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or separated in space and simultaneously. The Q index described in
the methodology represents a measure of the possible association
between distributions. Table 6 shows the association results of
relative attenuations (in the visible and infrared regions) between
inland points in summer. The most interesting points to compare
are the museum entrance (East) with the north, since both are
located indoors (much more pronounced in the north point), and
the East point with the West since they belong to the evolutionary
curve of the Sun.

Table 6. Q index values between the North, West and East
measurement points, for both visible and infrared radiation.

Point North Point West
VIS NIR VIS NIR
Point East | -0,5 -0,004 -0,33 -0,085

The fact in the infrared zone that there is no association stands
out (virtually zero values). In the visible area, there is a more
pronounced segregation of the distributions between the North
and East distributions, the reason for which has been commented
on in the previous paragraph.

For another form of museum building, it will produce another
value of such contingency table which, in turn, leads to the Q
index. To evaluate hypothetical changes in increase or decrease,
we proceed with the determination of the differential of equation
(3); in this way, the variation of the Q index with respect to the
values of the contingency matrix (a,b,c,d) is obtained. The parts of
the differential of Q are:

gj _d[1-0] @
oa ),., ad+bc
a_Qj _—1+0] (5)
oa),., ad+bc
6_Qj _—b[1+0] (6)
oc ),pq ad+bc
a_Qj _ —a[1-0] (7)
od),,. ad+bc

The utility of differentiation is twofold; On the one hand, it is
used to predict changes in the Q index when the elements of the
contingency matrix (a,b,c,d) vary. That is, if we assume a different
skylight museum structure, it will produce modified matrix
elements (for example, for Q =0.5anda=5;b=0;c=0;d=1;and
for simplicity a differential variation of matrix elements equal to
0.1), leads to a total differential, dQ = 0.02; being for the example,
Q+dQ; (0.5+0.02).

On the other hand, the partial derivatives (egs. (4) to (7)) indicate
the speed of variation of the Q index with respect to the value
changes in the cells of the contingency matrix. Each cell represents
the intersection of values, grouped into ranges, between two
distributions. A continuous global museum structure will imply
a high association of values since they receive the same external
interactions, which in this work is solar radiation and studied
through its attenuation. Saying that they present an association is
similar to manifesting the same behavior. If the structure of the
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building presents separation compartments inside, as is the case of
the L'Alomina museum where the East and North points are under
cover and the West point is uncovered, the interactions from the
outside are not the same, and that implies a negative association
between the values. For this reason, in Table 6, negative results
appear. For example, for the index Q between the North and East
points, whose value is -0.5, it comes from the following values of
the elements of the contingency matrix: a = 69; b=245; c=1085; d
= 1261. Then, substituting in equations 4 to 7, the velocities are
obtained,

(@j =5,36:107; (@j =1,53-10";
b,c,d a,c,d

oa oa
(a_Q = 3,47-10°, (a—Q = 2,93.107
80 ab,d ad a,b,c

Where it is observed that the positive evolution of Q occurs
only when the value of "a" of the contingency matrix increases.
This value represents intersection of small values of attenuation
between the two distributions. However, when the rest of the
elements of the matrix (b, ¢, d) increase, they produce a decrease
in the Q index, that is, it harms the association of high attenuation
values between the distributions. It highlights the fact that the

influence exerted by the value "c" is the greatest among all.

This analysis opens expectations of predicting the behavior of
a construction according to its geometry. If certain characteristics
regarding the configuration of the museum lead to specific values
of the Q index, then the inverse path can also be achieved since it is
a continuous relationship, that is, finding an equation or equations
that taking as parameter the Q index, can predict stereospatial
configurations of the museum. It will be objective in the next job.

Q Spectral Index

It is well known that electromagnetic propagation through
materials undergoes various phenomena such as reflection,
refraction, absorption, polarization, etc., and all of them have a
strong dependence on wavelength, because the behavior of materials
during the transit. In addition, the stereospatial arrangement of
these materials also influences. So ultimately, the Q index will be
influenced by the wavelengths that are in play.

In this section, a spectral function of the Q index is deduced from
the experimental measurements carried out in the museum. Starting
from two distributions of points, for example, for the visible region,
comparison of relative attenuations of the East and North points
of the summer museum at noon are made. Q indices are evaluated
by wavelength bands, covering the visible region [400, 700] nm.
The result is shown in Figure 9, from which it can be deduced that
there is no association between these two distributions of points in
the area of the visible region close to ultraviolet; however, strong
association occurs at wavelengths between 475-540 nm. (cyan and
green colors). Starting from the yellow color, the association of the
points decreases to zero up to 700 nm.

It is noteworthy that the maximum of the curve in figure 9
coincides with the maximum intensity of incident solar radiation
(range 500 to 550 nm). It is possible that the incident radiation of
greater intensity is distributed more uniformly inside the museum,
and exerts a common effect in a greater number of points, hence it
is translated with a specific value of the association parameter Q.
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Figure 9. Q index as a function of wavelength between relative at-
tenuations of the East and North points, (summer at 12 PM.).

Discussion

As a conclusion of this work, the following comments can be
made. At measurement point W, the intensity of incident solar
radiation is much higher. The increase in radiation produces a
greater coefficient of variation.

In the infrared region the greatest attenuation occurs in the
afternoon distribution, and the minor, with the distribution
of points in the morning. Its origin is the dependence of the
refractive index on the wavelength.

Through differentiation is analized the positive evolution of
Q. Occurs only when the value of "a" of the contingency matrix
increases. But, when the rest of the elements of the matrix (b, c,
d) increase, they produce a decrease in the Q index. It highlights
the fact that the influence exerted by the value "c" is the greatest

among all.

Also, the differentiation is used to predict changes in the Q
index when the elements of the contingency matrix (a,b,c,d)
vary. The partial derivatives (eqs. (4) to (7)) allow to evaluate
the speed of variation of the Q index with respect to the value
changes in the cells of the contingency matrix. Saying that
they present an association is similar to manifesting the same
behavior. If the structure of the building presents separation
compartments inside the interactions from the outside are not
the same, and that implies a negative association between the
values. It is an objective for future works to parameterize the
configuration of a museum through the Q index.

Another innovative point of this work is the determination of
the Q index as a function of the incident radiation wavelength. A
similarity of shape is found between the solar radiation intensity
curve and the spectral Q index dependence curve.
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