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Aayasofya Miizesi Yillig1 No: 14

LIGHTING ANALYSIS OF HAGIA SOPHIA

Mehlika Inanic1”®
ABSTRACT

The exquisite lighting quality in Hagia Sophia has been a topic of
interest for centuries among visitors, writers, poets, and
researchers. In fact, almost all literature on Hagia Sophia includes a
brief statement on its daylighting and sunlighting. In these
documents lighting is defined as “poetic”, “magical” and
“mystical”. Yet, there are not any comprehensive qualitative
research studies on Hagia Sophia’s lighting. Sometimes it takes
centuries, state-of-the-art technology, and new approaches to
demystify the wisdom of the past and reveal its secrets. After a
long period of restoration studies, the scaffoldings within the
structure have been recently removed. Meanwhile, the
computational measurement and analysis techniques that have the
ability to collect and analyze per-pixel lighting values have been
developed within the past decade. Therefore, 15th centuries after its
construction, this seems to be the right time to perform
comprehensive lighting studies in Hagia Sophia. This study
utilizes High Dynamic Range (HDR) photography technique to
computationally measure the luminance values under naturally
occurring sky conditions; and a novel technique to extrapolate the
long-term performance to perform qualitative and quantitative
lighting evaluations. Daylighting in Hagia Sophia is studied in
comparison with the current electric lighting installation.

1. INTRODUCTION

Thre are multitude of studies that focus on Hagia Sophia’s
significance within the context of the history of Architecture and
religion, its structural system, spatial composition, building
elements such as the dome, mosaics, marbles, and doors, and the
conservation efforts that have been going on throughout the
centuries [1-12]. In almost all of these studies, luminous

"Ph.D., Associate Professor/ University of Washington, Department of Architecture
Seattle, WA, 98115, USA. inanici@uw.edu
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environment in Hagia Sophia is also mentioned. It is encapsulated
and abbreviated as “poetic”, “mystical”, and “magical”. There are
very few studies that specifically investigate the lighting in Hagia
Sophia [13-17]. However, since the methodologies used in these
studies are restricted to mere observations or very limited number
of illuminance measurements rather than comprehensive
quantitative studies, they provide incomplete information about its
lighting. The quantitative studies performed in this paper is part
of an on-going research project that aims to investigate the lighting
quantities, luminance distribution patterns, luminance ratios ,
luminance variations and contrast across time under naturally
occurring sky conditions and with electric lighting installations.
These detailed studies allow us to identify the factors that form the
exquisite lighting composition in Hagia Sophia and to demystify
its secrets.

There are two quintessential documents about Hagia Sophia that
were written in the 6th Century. These two documents provide
invaluable information about the original lighting as it is intended,
designed, and used. They are the writings of Procopius [18] and
the poems of Paul the Silentiary [19, 20]. Procopius narrates the
natural lighting in Hagia Sophia as “... [it] is singularly full of light
and sunshine; you would declare that the place is not lighted by the sun
from ‘without’, but that the rays are produced “within’ itself, such an
abundance of light is poured into this church....”

While the writings of Procopius describe the attributes of
daylighting and sunlighting, Paul the Silentiary focuses on several
features of the artificial lighting used at that time [translated in 20]:
“No words can describe the light at night time; one might say in truth
that some midnight sun illumined the glories of the temple... stretched
from the projecting rim of stone... long twisted chains of beaten brass,
linked in alternating curves with many windings... And beneath each
chain... fitted silver discs, hanging circle-wise in the air, round the space
in the center of the church. Thus these discs, pendent from their lofty
courses, form a coronet above the heads of men. They have been pierced
too by the weapon of the skillful workman, in order that they may receive
shafts of fire-wrought glass, and hold light on high for men at night.” It
is possible to deduce from these documents that there were many
different vessels used to light Hagia Sophia during night time.
Apart from the main chandelier that carried the oil lamps, there
were other lighting devices that were hanged at different heights
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yielding to lighting variations within the structure. It is noted that
the lighting variations were not designed to create a hierarchical
composition, and their main function was to create a dramatic
lighting scheme rather than to illuminate a particular location in
the building. These lamps were described as “ships of silver
bearing a luminous freight". Additional floor lamps were also
described with their elaborate designs, where lamps were fastened
on beams between two-horn shaped iron supports [1, 14, 20, 21].

Although Paul describes the night lighting in Hagia Sophia as a
powerful light source that serves as a guide for the ships in the
Bosphorus and the Marmara Sea, these descriptions should be
regarded as a poet’s allegoric and metaphoric tactics to create a
dramatic effect. It has been calculated that the 16 lamp chandelier
used in 6th Century in Hagia Sophia produces less luminous flux
than a 40 Watt incandescent lamp [22]. In sum, it is possible to
deduce that the original artificial lighting in the building was
achieved through myriad of lamps and lighting apparatus that
were designed and situated in Hagia Sophia; and the artificial
lighting used in nighttime has enhanced its grandeur and
preeminent experiential qualities [1, 14, 20]. Various documents
attest that daylighting and artificial lighting are used exclusively,
not to supplement each other [18, 19]. The chandeliers added in
1849 by Fossati brothers were used with floating wick oil lamps [1,
6,22].

Daylighting studies completed by few scholars give emphasis on
the orientation of the main axis of the building. There are different
propositions that range from religious to cosmic knowledge as the
base of the reasoning that shaped the architects” decision on the
orientation of the building [13-17]. Regardless of these
propositions, we can list the following information as the key facts
in relation to the lighting analysis in Hagia Sophia:
¢ The main axis of Hagia Sophia is reported between 30° to
35° South East [1, 13, 14]. The author has measured it as
32° SE. During the Winter equinox (December 21st) or
Christmas (December 25th), the main axis of Hagia Sophia
aligns with the azimuth of the sun (31.9° SE) during
sunrise in Istanbul (41° North Latitude, 28.9 East
Longitude).
e During the Summer Solstice (June 21st), the main axis of
Hagia Sophia aligns with the azimuth of the sun (121 °
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SW) during sunset. During the summer solstice, the sun
path crosses 26 windows of the 40 windows positioned in
the main dome.
The most significant effect of the orientation of the building is
that the first lights of the day illuminate the apsis, and the
building is designed to admit sunlight through sun catching
windows from sunrise to sunset.

1. OBJECTIVES

The goal of this study is to perform qualitative and quantitative
lighting analysis using High Dynamic Range (HDR) photography
technique that encompasses high resolution and wide field of view
luminance measurements along with supplemental illuminance
measurements. The specific objectives are listed as follows:

e To study the interior luminance values, luminance
distribution patterns and luminance ratios under naturally
occurring sky conditions: The factors that are instrumental
for creating the unique and exquisite lighting conditions
in Hagia Sophia are discussed.

e To study the electric lighting in conjunction with the
daylighting in Hagia Sophia: The impact of electric
lighting on the ambient lighting is studied during daylight
hours.

e To evaluate the analysis results and to provide
recommendations on the lighting scheme of Hagia Sophia
to preserve the unique and exquisite lighting that was
intended and designed in 6th century, and to improve the
visitor experience today.

2. METHODOLOGY: MEASUREMENT, EXTRAPOLATION
AND ANALYSIS TECHNIQUES

The research is conducted in the following phases:
e TField measurements are performed;

¢ HDR images are assembled from multiple exposure
imagery collected during the field measurements;
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¢ A new methodology is developed to predict long term
performance using daylight coefficient and extrapolation
techniques; and

e Per-pixel lighting analysis techniques are utilized to
evaluate the luminous environment in Hagia Sophia.

1.1. Field Study: Luminance Measurements With High Dynamic
Range Photography

High resolution (i.e. pixel scale) luminance measurements are
possible using the HDR photography technique. Traditional
photography techniques are limited with the dynamic lighting
range that they can record. Almost everybody must have
encountered this problem when they are trying to photograph a
daylit interior scene: one can either capture the interior scene
properly, and the outdoor scene is washed out and overexposed;
or one can capture the view through the window, and the interior
looks dark and gloomy. As human beings, our visual system is
capable to function over a wide dynamic range that spans between
starlight and sunlight. The traditional photography techniques can
capture a very limited range, which is not adequate to record light
levels. Computational techniques can be used to assemble multiple
exposure photographs into one HDR digital image. This method
was initially developed as a photography technique [23], but
previous research demonstrated that it can be used as scientifically
accurate lighting data acquisition system. A calibrated HDR image
can incorporate lighting values in physical units (cd/m?2) ranging
from starlight to sunlight [24-26].

During the field measurements in Hagia Sophia, two Canon EOS
5D and one 30D SLR cameras were used along with a Minolta LS-
110 handheld luminance meter and Minolta T-1A illuminance
meter. The image capturing process was automated by in-house
software named hdrscope, developed by the author and her team
[27]. The image capturing process involved taking multiple
exposures at every 15 minute intervals. Since multiple exposure
photography requires a relatively static scene, the general foot
traffic on regular business hours would preclude a reliable data
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collection process. Therefore, the data collection took place on
three consecutive Mondays, when the museum is closed to public
(September 17th, September 24th, and October 1st, 2012).

Interior luminance measurements were done using two different
viewpoints. The data collection continued from sunrise to sunset
(7:00-19:00) without any interruptions during the first and second
days. The first camera (Canon EOS 5D SLR) was placed on a tripod
under the main dome, parallel to the horizontal surface, facing up
(Figure 1a). This camera was fitted with a Sigma 8 mm F3.5 EXDG
fisheye lens enabling 180° horizontal and vertical views of the
dome. The camera was slightly offset from the main axis to prevent
major occlusion from the chandelier, and it allowed vast views of
the dome as well as the other building surfaces (except the floor).
The second camera was placed on a tripod to capture vertical
views of the space. The first day of the measurements, this camera
was positioned in the entrance area (inner narthex) towards the
apsis (Figure 1b). The second day of the measurements, this
camera was positioned to capture the building from the side
gallery towards the Southern wall (Figure 1c). Measurements were
done on the third day to analyze the daylighting in comparison
with the current electric lighting installations.

As the luminance measurements inside Hagia Sophia have been
collected, exterior sky conditions were simultaneously measured in
a nearby structure, allowing relatively unobstructed views of the
sun and the sky. Capturing the sky and the sun is a specialized
field within HDR photography. In interior spaces, HDR
photographs are usually taken using a fixed aperture size and
varying the shutter speed. HDR fisheye images of the sky dome
can be accurately recorded using a technique that incorporates
multiple apertures and shutter speeds, along with neutral density
filters [28]. Previous work demonstrated the accuracy of this
technique for collecting per-pixel luminance values of the sun and
the sky [29]. Istanbul sky data is collected for 2 days (September
17th and 24th, 2012) using a Canon EOS 5D SLR Mark Il camera and
Sigma 8mm F3.5 EXDG fisheye lens (Figure 1d). The sky condition
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was predominantly partly cloudy on September 17th, and it was

clear on September 24th,

3.9
cd/m2
a) Under the central dome, September 24 at 12:30

172

b) View from the narthex towards the apsis c) View from the gallery towards South
(September 17, 10:00) (September 24, 16:15)

100000

d) Sky conditions in Istanbul (September 24, 13:00)
Figure 1. HDR imagery and luminance maps for selected times and dates for
interior and exterior scenes (luminance values are measured in cd/m?)
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During the third day of the measurements, the focus was shifted to
the comparative analyses of the daylighting and electric lighting.
Different viewpoints were selected inside Hagia Sophia to study
the scene with and without electric lighting under daylight
conditions.

1.2. Creation and Calibration of High Dynamic Range Imagery

Multiple exposure photographs taken in the scene were merged
into HDR photographs using the software called Phofosphere [30].
Computational methods were utilized to correct for the mechanical
and optical aberrations (i.e. vignetting effect are accounted for and
corrected).

Images with regular lenses were calibrated using a single
luminance measurement from a handheld Iuminance meter
utilizing a gray patch in a Macbeth chart. The images with fisheye
lenses were calibrated using an illuminance measurement. The
details of these techniques are available in previous research [24-
27,29].

1.3. Long Term Luminance Performance Predictions Using
Extrapolation Technique

Full day measurements were performed in 15 minute intervals
(Figure 2). The captured lighting values inside Hagia Sophia
correspond to the particular sky conditions occurring at that time.
Therefore these values do not provide information about the long
term performance. A more meaningful evaluation of the
daylighting performance must take into consideration a wide
range of naturally occurring sky conditions and sun positions. The
dynamic character of daylight causes constant variability inside the
buildings, which is negotiated between the outdoor conditions and
the openings of the building (windows) that serve as the primary
sources of illumination for the interior, along with the
interreflections that serve as the secondary sources. Although time-
series lighting analysis can be achieved through long term (annual)
measurements, it is not feasible due to time constraints and
accessibility available to the building. A more viable approach is
possible through extrapolation. A resent research by the author
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demonstrated a mnovel technique [31]: when the indoor
environment and sky conditions were recorded simultaneously
using HDR imagery, this information can be used to study the
impact of the sky patches seen from various apertures (windows),
and to extrapolate the results to other naturally occurring sky
conditions using a statistics based daylight coefficient
methodology.

1000 cd/m?
100000 cd/m?2

0.1 -

Sunset

1000

Sunrise

Figure 2. Selected instances from simultaneous capture of the interior and exterior
lighting conditions; original data collection is performed every 15 minutes from
sunrise to sunset.
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1.4. Lighting Analysis

HDR images record luminance values at a pixel scale. Therefore,
an HDR image provides luminance values (measured in cd/m?2) at
points equivalent to the image resolution (i.e. 12 million pixels in
the captured photographs). Given that 12 million lighting values
are collected for every 15 minutes for two whole days, this data
provides unprecedented information about the luminous
environment in Hagia Sophia. The data is analyzed using a variety
of mathematical and statistical techniques [32-36].

One of the analysis and visualization techniques utilized in this
paper is false color luminance maps. The luminance values
captured in the scenes cannot be faithfully displayed through
computer screens or printed productions due to the limited range
of these media. Human visual system can detect luminance values
spanning from starlight to sunlight in 14 logarithmic units (10-¢ to
10 cd/m?). Conventional display units and printed media are
limited to 2 logarithmic units. Therefore, the HDR imagery taken
inside Hagia Sophia to record interior conditions, and the HDR
imagery taken outside to record Istanbul sky conditions cannot be
faithfully represented through conventional media. False color
images are utilized instead to display the range of the HDR
lighting data. In false color images, a range of colors is assigned to
a range of luminance values. The colors in these maps vary from
violet to blue, red, and yellow. Violet colors correspond to the
lowest luminance ranges and yellow colors correspond to the
highest values; the corresponding luminance values in cd/m?2 are
provided in the legends. Such analysis is useful to understand the
dynamic range and to visualize the spatial luminance distributions
and contrast within a space.

2.RESULTS AND DISCUSSION
2.1 Daylighting and Sunlighting

The lighting composition in a space is dependent on three factors:
i) the geometric properties of the environment; ii) the material
properties of the surfaces; and iii) the position, the spectral content
and the angular properties of the light sources. The lighting
defined as “poetic”, “mystical”, and “magical” in Hagia Sophia is
the resultant of these factors that are composed in a unique way

175



176

Lighting Analysis of Hagia Sophia

that represents the intend, sensibility, and the wisdom employed
during the design and construction of this exquisite structure.

The most apparent feature of the lighting in Hagia Sophia is its
directionality. The windows in the domes and semi domes catch
sunlight throughout the day and year. Sunlighting flows to the
interior with a strong directional trajectory, and creates light pools

(Figure 3).

The daylighting and sunlighting is undeniably profound in Hagia
Sophia due to the number of its window and their area when
compared not only to the structures of its contemporaries, but to
the subsequent domed structures around the world. The sun path
crosses with the 26 of its 40 windows in the main dome in Summer
Solstice (June 21st) from sunrise to sunset. Some of the windows are
occluded as a result of previous restorations, so this number is
currently 22. When the position of the sun coincides with one of
the dome windows, light pools are formed in the interior surfaces.
The position of the light pools change depending on the altitude

and azimuth angle of the sun (Figure 4).

Figure 3. Light pools from direct sunlight
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The light pools formed by sunlight have much higher luminance
compared to the other building surfaces. Therefore, they create
highlights and points of interest in the space; and their movement
accentuates the dynamic character of the lighting in the structure.
Figure 5 illustrates the high luminance values of the light pools on
the floor. The window that originates the light pool in this image is
also apparent. Such a high contrast is quite objectionable in most of
the environments (for instance, an office space) where common
visual tasks are performed, as these areas of high luminance may
impair the visibility of the task. However, Hagia Sophia is a
spiritual space, and the dramatic lighting created by the light pools
is a very important feature of the perceptual qualities of the space.

The directionality of lighting in Hagia Sophia is also dependent on
the surface properties of the materials throughout the building.
The Proconnesian marbles used on the floor play a particularly
vital role to create directional diffuse reflections. Although the
form of the windows and the position of the sun determine the
location of the light pools, the Proconnesian marbles on the floor
create directional diffuse reflections that accentuate the dramatic
appearance of the light pools. Directional diffuse reflections can be
observed in Figure 6 in a time series analysis, where the camera is
oriented towards the southern wall (September 24th). Figure 7
illustrates the directional diffuse reflections from the floor in the
upper southern nave. Similar reflections are observed throughout
the building. Figure 8 is taken from the loge of Empress. Non-
uniform and strong directional character of these reflections
creates a stimulating visual environment and informs our visual
perception. Extreme luminance variations in a space can create
glare and visual discomfort, depending on the functionality of the
space and the nature of the visual tasks. In Hagia Sophia, these

variations make the environment dynamic and magical.
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Sunrise
June 21st

Sunset June 21st

Figure 4. Sun path diagram showing the movement of the sun for the dome of
Hagia Sophia (sunrise and sunset are marked for June 21+

The most important feature of the exquisite lighting in Hagia
Sophia is the ingenious choreography and hierarchy of the surface
materials. The material properties in most of the spaces we
experience in our daily lives are selected to maximize the light
distribution. The generic rule of thumb for surface reflectance is
20% for the floors, 50% for the walls, and 80% for the ceiling; and
the reflectance is assumed to be primarily diffuse. In Hagia Sophia,
this hierarchy is inversed: the surface that has the largest
reflectivity is the floor. Sources vary on the exact number, but 10 to
12 different types of marble are utilized in Hagia Sophia [14, 20].
The Proconnesian marble used as the floor material is highly
reflective due to its color, specularity, and surface roughness. The
translucency of the material also contributes to the complex
reflections due to sub-surface scattering.

The dark colored marbles employed in vertical surfaces absorbs
significant portion of the incident light; therefore, they enhance the
contrast and the drama in the luminous environment. The lighting
and reflectance hierarchy in Hagia Sophia is arranged in the order
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of “floor, ceiling, and walls”, which is very different than the
generic lighting design approach that favors the order of “ceiling,
walls, and floor”. Contrast is the key to create the poetic, magical,
and mystical lighting in Hagia Sophia. The directional lighting (i.e.
sunlight) flowing in to the space through apertures (windows) are
muted in the vertical surfaces (due to high absorption) and are
amplified on the floor with directional diffuse reflections. These
strong and non-uniform reflections are the physical explanations
behind Procopius’s description of Hagia Sophia, where the
building is not lit by the sun from “outside”, but lit from the light
generated “inside”. The “bottle-bottom” glass windows used in
Ottoman mosques prevents the directionality of the sunlight
reaching to the interior. Equally important, the carpets used on the
floors of the Ottoman mosques result in floor surfaces, where very
small portion of the light is reflected back to the space; and the
reflections are predominantly diffuse (non-directional). These two
factors explain the vast difference of lighting between Hagia
Sophia, and the Ottoman domed structures.

Figure 5. The window with the solar corona and the resulting light pools on the
floor from direct sunlight
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Figure 6. Variation of the luminance maps throughout the day for the scene from
the gallery towards the south (24 October)
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2000 685 243 85 30 12 1 Luminance (cd/m?)

Figure 7. Upper floor nave and the luminance map (October 1, 12:50)
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2000 685 243 85 30 12 1 Luminance (cd/m?)

Figure 8. The loge of Empress and the luminance map (October 1%, 12:47)
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2.2. Electric Lighting

The chandeliers were added to the structure during the restoration
done by the Fossati brothers in 1849 [6]. It was observed during the
recent field study that these chandeliers are used with
incandescent lamps that were mostly renewed in 2012, and the
electric lighting is constantly used throughout the daylight hours.

The impact of the electric lighting on the overall light levels is
investigated using image processing techniques. Two consecutive
measurements were recorded to study daylighting and electric
lighting. The first set of measurements is done with daylighting
only. The second set of measurements is done when the electric
lighting is on. These two measurements are completed within 1-1.5
minute intervals in order to capture relatively stable daylighting
conditions. Given the fact that sun moves 1° every 4 minutes, it
was important to perform these comparative measurements as
rapidly as possible. The outside sky conditions were mostly clear
(during the second and third day of the measurements); therefore
it is possible to use consecutive measurements to evaluate the
following conditions:

e The daylighting as the only lighting strategy in Hagia
Sophia (Figure 9a);

e The combined effect of daylighting and electric lighting in
Hagia Sophia (Figure 9b); and

o The electric lighting as the only strategy in Hagia Sophia
(Figure 9c): the image with daylight only (Figure 9a) is
subtracted from the image that includes both daylighting
and electric lighting (Figure 9b).

The triple measurement and evaluation technique that includes
daylighting; electric lighting; and their combination is repeated
under the main dome (Figure 9), from the narthex towards the
apsis (Figure 10), and from the gallery towards the nave (Figure

11). The analyses of these images reveal that:

e The electric lighting mostly illuminates the surfaces of the
chandelier and the floor;

e The electric lighting has minimal impact on the vertical
light levels on the first floor. It has no measurable impact
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on the lighting of the dome, mosaics, or the vertical
surfaces in the second floor.

The electric lighting used in conjunction with daylighting
is detrimental to the perceptual qualities of the luminous
environment in Hagia Sophia. It is contradicting with the
original design intend. The documents dating back to 6th
century describe daylighting as the only light source
during daylight hours; and artificial lighting is used solely
during night time (Section 1). It was also discussed in
Section 4.1 that the most important features of the
exquisite lighting in Hagia Sophia is the strong
directionality of sunlight flowing into the interior and the
resulting light pools and contrasts within the environment.
The luminous environment is formed as a result of the
unique combination of the window orientation and
geometry along with the material hierarchy of the interior
surfaces. The combined use of electric lighting and
daylighting disrupts the luminance patterns of the light
pools. The electric light sources induce yellow colored
light patches on the floor, which creates new highlights on
the floor. Therefore, they disturb the distinctive character
of the light pools from the sunlight; and create visual noise
especially on the floor.

The chandeliers themselves cast strong shadows on the
floor (Figure 12).
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Figure 9. Comparative analysis of daylighting and electric lighting under the main
dome (September 17, 17:10)
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(a) Combination of daylighting  (b) Daylighting (c) Electric lighting
and electric lighting

2000 685 243 85 30 12 1 Luminance (cd/m?)

Figure11. Comparative analysis of daylighting and electric lighting (September 24,
16:15)
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Figure11. Comparative analysis of daylighting and electric lighting (September 174,
10:04)
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2000 685 243 85 30 12 1 Luminance (cd/m?)

Figure 12. The shadow patterns of the chandeliers on the floor (October 1, 13:27)

e The light generated by the electric lighting forms new
specular and directional diffuse reflections from the floor.
These reflections decrease the luminance contrast in the
building; and therefore, disrupt the original luminance
hierarchy and damage the perceptual qualities of the
interior space (Figures 12-13).

e The spectral content of the light from the electric lighting is
very different than the spectral properties of daylight and
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sunlight. Therefore, they introduce artificial warm colors
into the environment. This discrepancy also adds to the
perceived visual noise.

e From the eye level, the angular location of the chandeliers
rivals with the angular location of the windows positioned
in the semi domes. This can be clearly observed from the
panoramic view in Figure 14. Therefore, two light sources
compete with each other. A similar problem is also
observed in the apsis (Figure 15).

¢ The main chandelier under the dome is a bulky structure.
It impairs the visibility of the windows positioned in the
dome when viewed from the center (Figure 16).
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Figure 13. The electric lighting from the chandeliers form specular and directional
diffuse reflections on the floor (October 1%, 12:42)

2000 685 243 85 30 12 1 Luminance (cd/m?)

Figure 14. Panoramic view of Hagia Sophia and its luminance map
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Figure 16. View towards the apsis, with and without electric lighting
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Figure 16. View of the dome directly from the center of the dome and the
chandelier.

The images that were taken using the fisheye lens were calibrated
with a Minolta illuminance meter. These fisheye images were
taken under the main dome inside the building and under an
unobstructed sky in a nearby terrace. The illuminance
measurements (lux) were taken every 15 minutes throughout the
measurement days (September 17th and 24th) on the same plane of
the surface of the fisheye lens (76 cm from the floor). The
illuminance values for interior and exterior measurements for
September 17th are given in Figure 17. The scale for the outdoor
and indoor illuminance measurements are given on the left and
right (y) axis of the graph, respectively. The units are in lux. As the
sky conditions were partly cloudy throughout the day on
September 17th, the outdoor illuminance values demonstrated
significant variance throughout the day (shown in blue color in the
graph). The interior illuminance values were relatively stable. The
red measurement points were taken with only daylight; the yellow
measurement points were taken with both daylight and electric

191



192

Lighting Analysis of Hagia Sophia

lightsl. This data also illustrates that the contribution of electric
lighting in the overall illuminance levels inside the building is
minimal. The illuminance measurements were also repeated on
September 24th, and results are shown in Figure 18.
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Figure 17. Horizontal illuminance measurements taken outside (recorded in a
nearby terrace with minimal obstruction) and inside of Hagia Sophia under the
main dome (September 171t%)
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! The data is primarily collected under daylighting; and electric lights were turned
off throughout the day. However, there were instances where electric lighting was
turned on due to other activities in the Hagia Sophia.
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Figure 18. Horizontal illuminance measurements taken outside (recorded in a
nearby terrace with minimal obstruction) and inside of Hagia Sophia under the
main dome (September 24t)

The minimum recommended illuminance level for navigation in
an interior space is 30 lux [37]. The target design illuminance value
for religious spaces is specified as 50 lux [37]. The illuminance
values in Hagia Sophia were above 50 lux with only daylighting,
throughout the normal operation hours. The average illuminance
was measured as 80 lux. This value is obviously specific to the
daylighting conditions when the measurements were taken in
September. However, these limited number of measurements
could be analyzed with sporadic measurements available in other
publications? to conclude that the lighting levels in Hagia Sophia
could be achieved using only daylight during normal operation
hours.

2.3. Long Term Lighting Performance Analysis

A computational method explained in Section 3.3 is used to
extrapolate long term daylighting performance from short term
measurement data. A statistic based daylight coefficient
methodology [31] model is developed to correlate the internal pixel
luminance values to the sky luminance patches; and the statistical
model is used to extrapolate long term predictions. This
technique is applied to extrapolate the daylighting conditions in
Hagia Sophia for December 21st at noon, under overcast sky
conditions (Figure 19). December 21st is the shortest day and the
sun is lowest in the sky. Under overcast sky conditions, it provides
the lowest lighting values both inside the building and outside for
this location.

2 The illuminance measurements taken under the main dome varied between 20-60
lux on October 31%, 1966 [38]. Measurements from another study [14] reveal
measurements between 25-125 lux during the months of Apriland May in2002. 1t is
important to note that these measurements are expected to under-evaluate the
actual values as they were taken during the restoration; and the scaffoldings inside
the building must have reduced the daylight availability inside the building.
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As expected, the luminance values for December 21st under
overcast sky conditions are much lower than the measured data in
September and October [Figure 19]. The human eye can operate
with very low luminance values. When the adaptation luminance
reaches 10 cd/m?, photopic mode is triggered. Therefore, even
under the extreme condition of the winter solstice, that yield
relatively low luminance values, human visual system would
function normally under daylighting conditions inside Hagia
Sophia, without the electric light supplements. However, it should
be noted that the electric lighting supplement could be used
sparingly under heavily overcast days during the winter months.

3. CONCLUSIONS AND RECOMMENDATIONS

Keinbauer et al. [6] argue that the interior light levels in Hagia
Sophia were higher in 6th Century; and the glass that was replaced
in time had caused reduction in light levels. However, Schibille
[14] discusses that the opposite is more plausible. According to
Schibille, the restoration done by the Fossati brothers had caused
alterations in the window sections, which led to reduction in light
levels.

The analysis done wusing the state-of-the art luminance
measurement techniques employed in this study cannot offer
explanations to the historical changes and restorations, but the
analysis performed today reveal that the daylighting in Hagia
Sophia is sufficient to light the space during normal operation
hours. The documents from the 6t century and afterwards all
attest that the original lighting scheme of Hagia Sophia was
designed such that daylighting is used daytime and artificial

lighting is reserved for nocturnal use.
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Figure19. a) Recorded luminance values in Hagia Sophia on October 24th under
clear sky conditions b) Extrapolated luminance values for the same scene for
December 215t under overcast sky conditions

195
The following conclusions and recommendations are listed as the
closing remarks:

e The exquisite lighting in Hagia Sophia is a unique
combination of two components. The first component is
the directional character of sunlight flowing into the
interiors. The windows in the dome and semi dome frame
the sunlight when the sun path and the window location
coincide; and create playful light pools in the interior.
Passage of time in Hagia Sophia is marked by the
animation of these light pools.

e The second component is the hierarchy of the surface
reflectances. The vertical surfaces mostly absorb the
incident light, while the Proconnesian marbles on the floor
become a major source of the reflected directional diffuse
light.

e The contrast between the light pools and the dark surfaces
create a dramatic lighting that is described as poetic,
mystical, and magical.

o The electric lighting employed during daylight hours
hampers the quality of daylighting and sunlighting in
Hagia Sophia. The original lighting scheme in Hagia
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Sophia is the result of a careful composition of i) the
geometry of the space, ii) the material properties of the
surface materials; and iii) the position of light sources (i.e.
windows). The balance between these three factors is
disturbed by the addition of electric light sources.

The electric light sources mostly illuminate the chandeliers
and the floor. They have minimal impact on the
illumination of the vertical surfaces in the first floor. Their
impact on other surfaces including the dome and mosaics
is negligible.

The reflections from the floor due to the electric light
sources disturb the perception of the light pools formed by
sunlighting and decrease the levels of contrast in the space.
The global adaptation level determines the perceptual
qualities in a luminous environment. As explained in
Section 3.4, human visual system has a wide range that
spans 14 logarithmic units; however, it has a limitation to
detect 4 logarithmic units at once. The absolute range of
the 4 logarithmic luminance varies depending on the
global adaptation levels. On sunny days, the visitors of
Hagia Sophia enter the narthex from very bright outdoors.
Since it takes a moment to adapt to the interior adaptation
levels, they may find the interior levels dim initially.
However, they adapt to the interior luminance levels in a
matter of seconds. During the field studies, it was
observed that local tour guides requested electric lights to
be turned on upon entry. This is rather an unfortunate
request, as it will take a moment for the visitors to adjust
and adapt to the interior light levels, and interior light
levels are well above the recommended levels. In fact, one
can truly enjoy and experience the unique lighting
conditions in Hagia Sophia, when the electric lights are
turned off.

It is strongly recommended that the supplemental electric
lighting is used only during the early morning hours and
late afternoons or the short and gloomy days in winter.
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Figure 20. Luminance map of Hagia Sophia recorded on October 15t2012 at noon
under clear sky conditions
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AYA SOFYA’NIN AYDINLATMA ANALiZi
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OZET

Aya Sofya’nin aydinlatmasi ytizyillardir ziyaretgilerin, yazarlarin
ve arastirmacilarin ilgisini ¢ekmistir. Aya Sofya ile ilgili yapilan
pek cok calismada, binanin aydinlatmasi siirsel, biiytilii ve mistik
olarak tanimlanir. Ancak bugine kadar Aya Sofya’nin
aydinlatmasi tizerine yapilan kapsaml bir sayisal analiz ¢calismas:
bulunmamaktadir. Boyle bir ¢alismanin yapilabilmesi igin gerekli
olan piksel boyutunda oOlctim teknikleri yakin donemde
gelistirilmistir. Bu sebeple Aya Sofya’nin takdir edilen bu
ozelliginin arastirilmasi ve tasarim ve yapim siirecinde gosterilen
duyarhiliklarin incelenmesi, ancak binanin yapimindan 15 ytizyil
sonra gelistirilen yeni tekniklerle miimkiin olabilmektedir. Bu
makale Aya Sofya’nin Yiiksek Dinamik Olgekli (YDO) fotograf
teknigi kullanarak dogal aydinlatma kosullar1 altinda 6lgtilmesi ve
bilgisayar teknikleri yardimi ile uzun doénem aydinlatma
kosullarinin ekstrapolasyon yolu ile degerlendirilmesi sonuglarini
iceren bir nicelik ve nitelik aragtirmasi sonucunda hazirlanmistir.
Aya Sofya’nin dogal aydinlatmas: ve giintimiizde kullanilan
elektrik aydinlatmasi ayr1 ayri ve birlikte degerlendirilmistir.

1. GIRIiS

Aya Sofya’nin tarihsel ve dinsel 6nemini, striikttirel ve mekansal
ozelliklerini, zaman  icindeki  degisimini, konservasyon
calismalarini, mozaik, mermer, kap:r gibi cesitli bina elemanlarini
inceleyen pek c¢ok onemli arastirma mevcuttur [1-12]. Bu
calismalarin biiyiik cogunlugunda Aya Sofya’nin 1s1k kalitesinden

de bahsedilmeden gecilmez, ama bu konuda “siirsel”, “mistik”

" Dog. Dr., Washington Universitesi, Mimarlik Bsliimii, Seattle, WA, 98115, ABD
inanici@uw.edu
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yada “btiytlt’” kelimelerinin ardina saklanilmis ve detayli olarak
inceleme yapilmamustir. Aya Sofya’nin aydinlatmasi konusunu
dogrudan inceleyen cok az sayida c¢alisma bulunmaktadir [13-17].
Bu calismalarda kullanilan metotlar sadece gozleme veya ¢ok
kisitli sayida yapilmus olgiimlere dayandigindan, Aya Sofya’nin
15tk kalitesi konusunda ancak smirli bilgi edinmemizi
saglamaktadirlar. Kapsamli boyutta yapilan sayisal analiz
calismas: bize binadaki hem dogal hem de elektrikle yapilan
aydinlatmanin miktari, dagilimi, zaman igerisindeki degisimi, ve
mekandaki kontrast (karsitlik) degerleri konusunda bilgi verecek
ve Aya Sofya’nin bugiine kadar “siirsel”, “mistik” yada “btiytli”
kelimeleriyle = tanimlanan  aydinlatmasim1  sayisal  olarak
degerlendirmemize ve bu essiz aydinlatmay: olusturan faktorleri

analiz etmemize yardimci olacaktir.

Aya Sofya ile ilgili 6. ylizyildan giinimiize ulasan iki 6nemli
kaynak Aya Sofya’nin yapildigi donemdeki aydinlatma 6zellikleri
konusunda c¢ok degerli bilgiler icermektedir. Bu kaynaklardan
birincisi tarih¢i Procopius’un betimleri [18], digeri ise Paulos
Silentiarios’un siirleridir [19, 20]. Prokopius Aya Sofya’daki dogal
aydinlatmay1 soyle anlatmustir: “... gortilmemis bir aydinlik ve
giines 15181 binay1 doldurmustu; binanin disaridaki “giines”ten
degil, icerideki de olusan “ismnlar” ile aydinlatildigim
soyleyebilirdiniz ki, bu kilisenin icine boyle bir 1sik bollugu
akitmaktayd1”. Procopius’un tanimlar1 bize Aya Sofya’nin
yapildigi donemde, degisikliklere ugramadan o©nceki dogal
aydinlatmas1 konusunda bilgi verirken, Paul’un siirleri, giin 15181
ile aydinlatilmast ve mekan o6zellikleri disinda, o donemde
kullanilan yapay aydinlatma tasarmmm ile ilgili de cok ©nemli

ipuglar1 icermektedir.

Paul 563 yilinda yazdigi metinde [20], gece uygulanan yapay
aydinlatmayr  soyle anlatmaktadir: “Gece aydinlatmasini
tanimlamaya kelimeler yetmez. Gece yarisi giinesinin tapimagi
ovgtilerle aydinlathgini soylemek mimkiindir. Bukiilmis uzun
piring zincirlere asily, i¢ ice ge¢mis sarmal egriler tizerinden sarkan
gtimis diskler havada daire olusturacak sekilde kilisenin ortasinda
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asili duruyordu. Bu disklerin insanlarin kafasi {izerinde bir tag
olusturdugunu soyleyebiliriz. Diskler usta iscilerin aletleriyle
delinmis ve iglerinden ateste pisirilmis cam saftlarin gegmesi
saglanmistir ve boylece, 1s1k yiiksekten insanlarin {izerine
dagiilmistir. 7 Paul'un yazdigi metinlerden kubbenin altindaki
yag kandillerini tasiyan biiyiik avize disinda, sarkan zincirlere
asilmis giimiis tabaklar igine yerlestirilmis tekli yag kandillerinin
varligi da anlasilmaktadir. Bu kandiller dikey diizlemde egriler
olusturacak sekilde farkli yiiksekliklere asildigindan i¢ mekanda
farkli 1s1k degerlerinin elde edilmesini saglamislardir. Ancak, bu
151k dagilimu hiyerarsik degildir ve herhangi bir mekan: daha fazla
aydinlatmaktan cok, mekan icinde 1sik varyasyonu saglamak
amaci ile tasarlanmistir. Bu kandiller “aydinlik bir yiik tasiyan
gimiis gemiler” olarak anlatilirlar. Paul ayrica zemin katta ve
galerilerde boynuz seklindeki demir askilarin ortalarina asilmis
cam yag kaplari iceren yer kandillerinden de bahsetmektedir [1, 14,
20, 21].

Aya Sofya’nin gece aydinlatmasmmin Bogazici ve Marmara
denizindeki gemicilere fener gorevi yaptigi Paul’un tasvirleri
arasinda yer almaktaysa da, yapilan bir calismada 40 watt'lik bir
akkor lambanin, 16 yag kandili iceren bir avizeden otuz kat daha
fazla 1s1k yaydigr hesaplandigindan [22], bu tanimlar1 bilimsel
gerceklerden ¢ok, bir sairin dramatik etki yaratmak tizere
kullandigi metaforik ya da alegorik anlatimlar seklinde
yorumlamak miimkiindiir. Sonug olarak, Aya Sofya’nin 6zgin
yapay aydinlatmasinin, yag bazli lambalar ve samdanlar aracilif1
ile saglandig1, cok cesitli ve 6zenle tasarlanmis aydinlatma aygitlar
kullanild1g1 ve bu aydinlatmanin geceleri Aya Sofya’nin ihtisamina
onemli ol¢tide katkida bulundugu cesitli kaynaklar tarafindan
tartisitlmig ve anlatilmistir [1, 14, 20]. Bu c¢alismalardan ve
gintimiize ulasmis metinlerden [18, 19] Aya Sofya’nin
aydinlatilmasinda giin 15181 ve yapay aydinlatmanin ayni anda
kullanilmadigini, giin ve giines 1s181n1n giindiiz saatlerinde, yapay
aydinlatmanin  ise giin battmindan sonra  kullanildig:
anlasilmaktadir. 1849 yilinda Fossati kardeslerin yaptiklari
restorasyon kapsaminda yapiya eklenen avizeler de, o donemde
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samdanlar ve ytizen fitilli cam kandiller ile kullanilmaktaydi [1, 6,
22].

Daha yakin donemlerde yapilan aydinlatma calismalarinda Aya
Sofya’nin ana aks yonlendirmesinin (oryantasyonun) aydinlatma
agisindan onemi detayli bir sekilde tartisilmustir [13-17]. Bu
calismalarda, binanin mimarlar1t Anthemios ve Isidoros’un binanin
oryantasyonu konusunda goz ontine aldiklari faktorler ile ilgili
ortaya atilan tezler farklidir, ve bu tezler yon se¢iminin dinsel ve
kozmolojik boyutu ile farkli tartismalar icermektedir. Binanin
bugtinki konumunu inceleyerek, aydinlatma analizi acisindan

onemli olan bilgiler su sekilde siralanabilir:

. Aya Sofya’nin ana aks oryantasyonu c¢esitli kaynaklarda
30° ile 35° arasinda Giiney Dogu (GD) yonti olarak bildirilmistir [1,
13, 14]. Yazarin mekanda yaptg ol¢iimlerde 32° GD olarak
belirlenmistir. Kis gtindéntimiinde (21 Aralik) veya Noel'de (25
Aralik), Istanbul’da (41° Kuzey enlemi, 28.9° Dogu boylami) giines
yaklasik olarak 31.9° GD azimut agis1 ile dogdugundan, binanin
ana ekseni ile giinesin dogus acis1 bu tarihlerde yatay diizlemde
cakismaktadir.

. Yaz gtindontimiinde (21 Haziran) giin batima 121° Gliney
Bati (GB) yoniinde gerceklesmektedir ve bu a¢i yapinin ana
aksiyla, apsisin tam ters yoniinde kesismektedir. Sonug olarak, yaz
doneminde 40 pencerenin 26’si glnesin azimut acis1 ile
kesismektedir.

Binanin yonlendirilmesinin aydinlatma acisindan en oOnemli
ozelligi, (glinesin dogus acis1 mevsimlere gore degismekle birlikte,)
giniin ilk 1siklarnin oncelikle bema ve naosu aydinlatmasi; ve
yapmmin giin boyunca giines 15181 alacak sekilde tasarlanmuis

olmasidir.
2. CALISMANIN AMACI

Bu calismanin amaci Aya Sofya’da “yiiksek dinamik olcekli”
fotograf (YDO) teknigi ve cesitli analiz metotlar1 kullanilarak
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yiiksek coztintirliikte, yiiksek dinamik olgekte ve genis goriis alani
gercevesinde aydinlatma (parlaklik) ol¢timii ve analizi yapmakdir.
Calismanin igerigi asagida 6zetlenmistir:

Dogal aydinlatma kosullarinda, yapinin i¢ mekan aydinlatma
degerleri, bu degerlerin dagilimi ve mekandaki kontrast
degerleri incelenmistir. Bu veriler 1s181nda Aya Sofya’nin essiz
aydinlatmasini olusturan ogeler tartisilmistir.

Elektrikli aydinlatmanin dogal aydinlatma ile birlikte
kullanildiginda, yapinin genel aydinlatmasimna olan etkisi
arastirilmustir.

Analiz sonuglar1 degerlendirilerek, binanin 6zgtin aydinlatma
kalitesini korumak ve ziyaret¢i deneyimini artirmak amaci ile
onerilerde bulunulmustur.

3. YONTEM: OLCUM, EKSTRAPOLASYON VE ANALizZ
TEKNIKLERI

Arastirmanin asamalari su sekilde belirlenmistir:

Alan o¢l¢timleri;

Bilgisayar ortaminda Yiiksek Dinamik Olgekli (YDO) fotograf
birlesimi ve kalibrasyon ¢alismalari;

Ekstrapolasyon yolu ile yil boyu aydinlatma kosullarinin
degerlendirilmesi i¢in gerekli tekniklerin gelistirilmesi ve
dogrulanmasi;

Bilgisayar ortamunda piksel boyutunda aydinlatma analiz
calismalar1 ve degerlendirilmesi.

31. Alan Calismas:: Yiiksek Dinamik Olcekli Parlaklik
Olciimleri

Yiiksek c¢ozunrlilikte (6rnegin piksel boyutunda) aydinlatma
olctimlerinin yapilabilmesi YDO fotograf teknigi ile miimkiin
olabilmektedir. Tek pozlama iceren bir fotograf karesi aydinlatma
oletimii icin yeterli degildir. YDO fotograf teknigi, tripod izerine
oturtulan fotograf makinesi kullanilarak, ard arda gekilen cesitli
pozlamalar yoluyla, 1s1k degerlerinin en diisiik seviyeden en
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yiiksek seviyeye kadar kaydedilebilmesini saglamaktadir. Bu
fotograflar ~daha sonra bilgisayar teknigi  kullanilarak
birlestirilebilmekte ~ ve  kalibre edilebilmektedir. ~ Oncelikle
fotografcilik icin gelistirilen bu teknigin [23], fotograflama ve
sonrasinda bilgisayarda yapilan islemler belirli kriter ve
kalibrasyon yontemleri cercevesinde yapildiginda, bilimsel
diizeyde dogrulukla aydinlatma oOlctimleri (parlaklik (Iiminans)
degerleri, kandela/m2) icin de kullanilabilecegi daha 6nce yapilan
detayl1 calismalarla kanitlanmstir [24 - 26].

Aya Sofyanin alan ol¢lim calismasi sirasinda tripod, iki adet
Canon EOS 5D ve bir adet 30D SLR fotograf makineleri, diziistii
bilgisayar, Minolta LS-110 parlaklik 6lger (luminance meter) ve
Minolta T-1A aydinlik o&lger (illuminance meter) aletleri
kullanilmigtir. YDO fotograflar igin gerekli gesitli pozlamalarin
gin boyunca otomatik olarak her 15 dakikada bir
gerceklestirilmesi, yazar ve ekibinin gelistirdigi hdrscope isimli
bilgisayar programu [27] aracilig1 ile saglanmistir. Ayni fotograf
karesinin ard arda ¢esitli pozlamalarda ¢ekilmesi gerektiginden, bu
olctimlerin insan trafiginin fazla olmadigl bir ortamda yapilmasi
gerekmektedir. Ayasofya Miizesi'nin her zamanki ziyaretci
kalabaligr bu olgtime elverisli olmayacagindan, miizenin genel
ziyarete kapali oldugu {iic ardasik Pazartesi giinti olctimler
yapilmistir (17 Eyliil, 24 Eyliil ve 1 Ekim 2012).

Ic  mekandaki olcim islemi iki fotograf makinesi ile
gerceklestirilmistir. Olgtimlerin yapildig birinci ve ikinci giinlerde
olctimler giindogumundan giin batimina kadar (7:00 - 19:00)
kesintisiz stirdiirtilmiistiir. Birinci fotograf makinesi (Canon EOS
5D SLR), objektifin aks1 kubbenin merkezine yakin olacak sekilde
ve objektif yer diizlemine paralel olarak tripod {iizerine
yerlestirilmistir (Sekil 1.a). Bu fotograf makinesi ile yapilan
¢ekimlerde, Sigma 8 mm F35 EXDG balik gozti lens
kullanildigindan, 180° dikey ve yatay acis1 ile hem kubbenin, hem
de zemin disindaki diger ylizeylerin gortintiileri kaydedilmistir.
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Ikinci fotograf makinesi, yer diizlemine 90° ag1 ile zemine
yerlestirilen bir tripod tizerinden calistirilmistir. Olgiimlerin
yapildig: ilk giin, fotograf makinesi ana giris kapisina yakin olacak
sekilde ve apsise dogru yonlendirilerek ¢ekimler yapilmstir (Sekil
1b). Olgtimlerin yapildig: ikinci giin, mekan yan galeriden giineye
dogru fotograflandirilmistir (Sekil 1c).

Olgtimler Aya Sofya’nin i¢ mekaninda yapilirken, es zamanl
olarak yakin bir binanin yiiksek ve etrafi agik olan teras katindan
[stanbul’'un gokyiizii kosullari, gene dinamik o&lgekli fotograf
teknigi kullanilarak tespit edilmistir. Giines ve gokytiziiniin 1s1k
degerlerini kapsayan YDO fotograf teknigi, i¢ mekanda kullanilan
YDO tekniginden farklidir. i¢ mekanda farkli pozlamalar, tek
diafram ve degisken perde hizlar ile elde edilir. Dis mekanda
giines ve gokytizii kaydedilirken ise, dinamik 6lgegin ¢ok yiiksek
olmasindan dolay: iki ayr1 diafram, degisken perde hizlar1 ve 6zel
filtre kullanilmistir [28]. Bu yontemin giines ve gokytiziindeki
yiiksek dinamik aralik iceren parlaklik degerlerini 6l¢me
konusundaki dogrulugu daha o©nce yapilan calismada
gosterilmistir [29]. Istanbul’'un gokyiizii kosullarini calismanin
gindogumundan giin battimina kadar stirekli devam ettigi 2 giin
boyunca (17 ve 24 Eylil 2012) Canon EOS 5D SLR Mark II fotograf
makinesi ve Sigma 8 mm F3.5 EXDG balikgozii lens kullanilarak
kaydedilmistir (Sekil 1d). 17 Eyliil giintinde parcali bulutlu hava
kosullar1 hakimken, 24 Eylil giinii giinesli ve bulutsuz bir giin

olmustur.

Olgtimlerin yapildigt iclinci giinde, ozellikle dogal ve yapay
aydinlatma kosullar1 tizerinde ¢alisilmis ve Aya Sofya’da cesitli ic
mekan ve agilardan fotograflama islemi yapilmustir.

Tum fotograf gekimleri sirasinda, ince kalibrasyon ayari amaci ile
parlaklik (Itiminans) ve aydmnhk (illiminans) ol¢timleri de
yapilmistir. Normal lens kullanilan fotograflarda kalibrasyon
Gretag-Macbeth renk karti ile Minolta parlaklik olger aleti ile
yapilirken, balik gozii lens kullanilan fotograflarda kalibrasyon
Minolta aydinlik 6lcer aleti ile gerceklestirilmistir.
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39
cd/m2

a) Ana kubbeye bakis, 24 Eylil, 12:30

135

b) Giristen apsise dogru c) Galeriden giineye dogru
bakis (17 Eyliil, 10:00) bakis (24 Eyliil, 16:15)

000

cd/m2
d) Istanbul'da giines ve gokytizii kogullart (24 Eyliil, 13:00)
Sekil 1. ig ve dig mekanda yapilan YDO fotograflar ve parlaklik (liiminans) dagilim
haritalan (kandela/m?2)
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3.2. Bilgisayar Ortaminda Ydo Fotograf Birlesimi ve
Kalibrasyonu

Tripod {tizerine oturtulan fotograf makinesinin ard arda gekilen
cesitli pozlamalar yoluyla kaydedilen 1sik degerleri Photosphere
[30] isimli bilgisayar programu kullanilarak tek bir YDO imaji
olarak birlestirilmistir. Fotograf makinesi ve lenslerin yapisindan
olusan mekanik ve optik deformasyonlar bilgisayar teknikleri
kullanilarak diizeltilmistir. Ince kalibrasyon ayarlari, mekanda
yapilmis olan parlaklik ve aydinlik 6lctimleri ile saglanmistir. Bu
teknikler baska kaynaklarda detayli olarak anlatilmaktadir [24-27,
29].

3.3. Ekstrapolasyon Yolu ile Uzun Doénem Aydinlatma
Kosullarinin Belirlenmesi

Tum giin siiren i¢ ve dis mekan aydinlatma verileri es zamanl
olarak 15 dakikalik araliklarla toplanmustir (Sekil 2). ¢ mekan
verileri, Ol¢timlerin yapildig1 giinlerdeki gokytizii ve giines
kosullar1 altinda olciilen aydinlatma degerleridir. Bu sebeple bu
veriler baska giin, mevsim ve gokytizii kosullar1 alinda pek fazla
bilgi icermezler. Yazarin yaptig1 bu ¢alismanin bir bagska amaci da,
kisa donem saha olgtim degerleri kullanilarak uzun doénem
aydinlatma kosullarinin degerlendirilmesi i¢in yeni bir bilgisayar
simulasyon tekniginin gelistirilmesiydi. Bu teknik, dinamik
ginisigl simiilasyon tekniginin temeli olan “giinisig1 katsayis1”
kavramindan yola ¢ikarak, dis ve i¢ mekanda yapilan 6l¢timleri ve
cesitli ektrapolasyon algoritmalarini kullanarak gelistirilmistir.
Teknigin teorik olarak gegerliligi dogrulanmistir [31].

3.4. Aydinlatma Analizi

Yukarida aciklanan sekilde c¢ekilmis, birlestirilmis ve kalibre
edilmis YDO fotograflarda parlaklik degerleri piksel boyutunda
kaydedildiginden, her 6l¢tim, fotograf makinesinin ¢oztintirltigtine
esit degerde (6rnegin 12 milyon pikselde) aydinlatma degerlerini
kapsar ve bu degerler kandela/m2 (cd/m2) biriminde
kaydedilmistir.
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Giin boyunca her 15 dakikada bir ¢ekilmis resimlerden elde edilen
12 milyon aydinlatma degeri, Aya Sofya’daki aydinlatmay1 nicelik
ve nitelik acisindan detayl1 olarak incelememizi saglayan ve daha
once var olan bagka tekniklerle elde edilmesi miimkiin olmayan bir
veri tabanidir. Bu veriler piksel boyutunda cesitli istatistiksel ve
matematiksel islemler araciligi ile [32-36] incelenmistir.
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Sekil 2. Es zamanl olarak 15 dakikalik araliklarla yapilan i¢ ve dis mekan
aydinlatma 6l¢timlerinden drnekler

137



138

Aya Sofya’nin Aydinlatma Analizi

Bu makalede renk olgekli parlaklik (Itiminans) haritalar1 sikca
kullanilmistir. Mekanda kaydedilen aydinlatma degerlerini
bilgisayar ekraninda ya da basili olarak goriintillemek, bu
ortamlarin dinamik 6lceklerinin sinirli olmasi nedeniyle miimkiin
degildir. Insan gozii, yildiz 1s131ndan giines 1s181na kadar toplam
14 farkli logaritmik olgekte parlaklik degerini algilayabilmektedir
(10-6 - 10+8 kandela/m?2). Kullandigimuz bilgisayar ekranlari ve
basili malzemelerde dinamik aralik yaklasik olarak 2 logaritmik
olcegi ile smirli oldugundan, Aya Sofya’nin i¢ mekan
aydinlatmasini ve Istanbul’un gokyiizii kosullarini kaydetmek igin
toplanan YDO aydinlatma degerleri, renk olgekli parlaklik
haritalar1 araciligy ile incelenmistir. Bu renk o6lcekli haritalarda,
renkler mor, mavi, kirmizi, sar1 skalasinda degismektedir; en
disiik parlaklik degerleri mor renkte, en yiiksek parlaklik
degerleri ise sar1 renkte gosterilmektedir. Renklere karsilik gelen
fiziksel parlaklik degerleri (kandela/m2) sekillere eklenmistir.
Renk olcekli parlaklik haritalari araciligy ile, mekandaki parlaklik
degerleri, bu degerlerin dagilimi ve mekandaki kontrast degerleri
incelenebilmektedir.

4. ANALIZ SONUCLARI VE TARTISMA
4.1. Giin ve Giines Isig1 Aydinlatmasi

Bir mekanda gozlemlenen aydinlatma, (i) mekanin formu ve forma
dayalt detaylari, (ii) ytizey malzemelerinin 1s181 yansitma
ozellikleri ile (iii) 151k kaynaklarimin yerlesimi, spektral ve acisal
dagilimlarinin  bir birlesimi sonucunda ortaya ¢ikan bir
kompozisyondur. Aya Sofya’daki “siirsel”, “mistik” ya da
“buyultt” olarak tanimlanan aydinlatmanin sirr1 da  bu
kompozisyonu olusturan ti¢ dgenin tasarimu ve binanin insasi
siirecinde benzersiz bir diizenleme ile bir araya getirilmesini
saglayan anlayis, duyarlilik ve bilgeliktir.

Aya Sofya’nin aydinlatmasimin bir 6zelligi, 1511 yonsel ya da
dogrultusal olmasidir. Isik kubbedeki ve yarim kubbelerdeki

pencerelerden gticlt  bir yonsel aki ile mekana wulasir;
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pencerelerden giren giines 15181 cesitli yiizeylerde 1s1k havuzlar
olusturur; ve bu havuzlar giin iginde giinesin pencereden
pencereye gecen hareketine bagli olarak mekanda yer degistirirler
(Sekil 3). Bu 6zellik mekanin aydinlatmasini dinamik kilmaktadur.

139

Sekil 3. Giines 1s1g1min olusturdugu 1s1k havuzlar

Aya Sofya sadece yapildigr donemdeki diger yapilarla degil, daha
sonra da yapilan pek cok kubbeli bina ile karsilastirildiginda,
pencerelerin miktar1 ve pencere yiizey alaninin fazlaligi ile 6ne
¢ikan bir yapidir. Giines, Aya Sofya’da ana kubbeyi cerceveleyen
40 pencerenin 26’sin1, yilin en uzun giinii olan yaz giindoneminde
(21 Haziran), gin dogumundan giin battimina kadar teker teker
aydinlatmaktadir (pencerelerden bir kismu sonradan yapilan
eklerle kapatildigr icin giinimiizde bu say1 22'ye inmistir).
Giinesin azimut agis1 ile bu pencerelerden herhangi birisi
cakistiginda, i¢ mekanda 1sik havuzlart olusmaktadir. Bu 1sik
havuzlarinin yeri gtinesin ytikseklik acisina (altitude) bagli olarak
yil boyunca degismektedir (Sekil 4).
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21 Haziran

Gin dogumau

21 Haziran

Giin batimi |

Sekil 4. Aya Sofya kubbesi ve giinesin hareket semas1 (21 Haziran)

Giines 1s181n1n olusturdugu bu havuzlar, binanin diger ytizeylerine
gore c¢ok yiiksek parlaklik degerleri gosterdiginden, mekanda
parlak odaklar olusturmakta ve boylece mekanin dinamik
karakterini ~vurgulamaktadirlar. Sekil 5'de rneklendirilmis
analizde dosemede olusan 1sitk havuzunun yiiksek parlaklik
degerleri acik¢a gortilmektedir. Ayrica bu 1s1k havuzunun kaynag:
olan yar1 kubbedeki pencerenin yeri de belli olmaktadir. Islevi
farkli olan bir mekanda, érnegin ofis binalarinda, bu 1s1k havuzlar
gormeyi zorlastiracagindan, sakincali bir aydinlatma sekli olarak
kabul edilir. Ancak, Aya Sofya’nin aydinlatmasinin 6nemli bir
islevi ruhani bir mekan vyaratmak oldugundan, bu 1sik
havuzlarinin varlig1 mekan kalitesinde ¢ok 6énemli bir unsurdur.

Kubbedeki pencerelerin sebep oldugu bu degisken 1s1k
havuzlarinin disinda, binanin giiglii yonsel aydinlatmasinin bir
diger sebebi de, ozellikle zeminde go6zlemlenen “yoneltmeli
yaygin” (directional diffuse) 1sik dagilimlaridir. Bu 1sik oyunlar:
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sadece  pencerelerin  formu ve  konumu = sonucunda
olusmamaktadir, yiizey malzemelerinin bu etkiye katkis1 cok
onemlidir. Bu konu, asagida detayli bir bi¢imde tartisilmustir. Bu
“yoneltmeli yaygm” 1stk dagilimlart  cesitli mekanlarda
gozlemlenebilir. Sekil 6’daki fotograflar, kamera galeriden giineye
dogru yonlendirilerek kaydedilmistir (24 Eyliil). Bu fotograf serisi,
alt kat pencerelerin zeminde olusturdugu “yoneltmeli yaygin” 1s1k
dagilimlarinin mekandaki 1s1k degiskenligine katkisim1 agikca
ortaya koymaktadir. Sekil 7’de tist kat giiney galeride (nef) ve Sekil
8'de iist katta Imparatorice locasinin bulundugu mekandaki 1s1k
dagiliminin  gesitliligi renk olgekli parlaklik haritalarindaki
renklerin degisiminden kolaylikla gozlemlenebilmektedir. Isik
dagiliminin homojen degil, degisken olmasi, gorsel sistemimizin
uyarilmas: ve mekan algis1 agisindan onemi buytktir. Isik
dagilimindaki degiskenlik c¢ok yiiksek boyutlarda oldugunda
(mekanin islevine bagli olarak) goz kamasmasi yaratabilirler.
Ancak Aya Sofya’daki 1sik dagilimi gesitliligi ve 6lcegi, mekani
daha dinamik ve btiytileyici kilmaktadir.

Aya Sofya’'min essiz aydinlatmasinin, en onemli ogesi, yiizey
malzemelerinin rengi ve 15181 yansitma ozellikleri ile birlikte, bu
malzemelerin renk ve yansitma acisindan ustaca yerlestirilmis
kompozisyonlar: ve hiyerarsik diizenleridir. Giintimiizde goriilen
pek cok mekanda, ytizey malzemeleri 15181 en verimli olarak
yansitacak sekilde dtizenlenmistir. Genel olarak zeminin %20,
duvarlarin %50, ve tavanin %80 yaymik yansima (diffuse
reflection) degerleri iceren malzemelerden olustugu gozlemlenir.
Aya Sofya’da ise, 15181 en fazla yansitan yiizey zemindir. Cesitli
kaynaklara gore, Aya Sofya’da sayilar1 10 ile 12 arasinda degisen
farkli mermer kullanilmistir [14, 20]. Bu mermerler arasinda,
zeminde kullanilan Marmara mermeri, siit beyazi rengi ve ylizey
parlakligi ile 15181 hem daginik hem de yonlii olarak en fazla yayan
ve yansitan mermer tiirtidiir. Ayrica mermerin yari saydam ytiizey
ozelliklerinden dolay1 1sik, yiizeyin altindaki tabakalardan da
sacilarak, komplike 151k etkilesimleri ile ytizeye geri donmektedir.
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Dikey yiizeylerde kullanilan koyu renkli mermerler ise, 15181
biiytik olctide emerek, bina iginde gii¢lii bir 1s1k kontrastina sebep
olurlar. Aya Sofya’da 1s1in yansiltilmasindaki hiyerarsi “zemin,
tavan ve yatay” ytizeyler siralamasinda tanimlanabilir. Goruldugt
tizere bu hiyerarsi, pek ¢ok mekanda gozlenen “tavan, duvar,
zemin” hiyerarsisinden ¢ok farklidir. Kontrast, Aya Sofya’da
hakim olan dramatik, siirsel, biiyiilii ve mistik 15181n arkasindaki
fiziksel fenomendir. Aya Sofya’da 1s1k yonsel olarak (gtines 1s1g1mnin
aydinlattigi pencerelerden) mekana akmaktadir ve bu mekanda
dikey yiizeyler tarafindan c¢ogunlukla emilirken, 6zellikle zemin
ylizeyinden aynasal ve “yoneltmeli yaygin” olarak tekrar mekana
yansitilmaktadir. Procopius’un bahsettigi binanin “disaridaki
“gtines”ten degil, icerideki “1sinlar” ile aydinlatildig1” ifadesinin
arkasinda yatan fiziksel gercek de budur. Osmanli dénemi
camilerinde ise, kullanilan sise dibi camlarin bir 6zelligi olarak 151k
yayilarak olarak mekana ulasir ve zemin ytiizeyleri de hali ile
kaplandigindan, ¢ok az miktarda ve yaygin olarak mekana geri

yansitilirlar.

Sekil 5. Giines 1s1gmn olusturdugu 1sitk havuzu ve yart kubbede giinesi
“yakalayan” pencere
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Sekil 6. Kamerann galeriden giineye dogru yonlendigi agidan parlaklik haritasmn
giin boyunca degisimi (24 Eyliil)
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Sekil 7. Ust kat giiney galeri (nef) ve parlaklik haritasi (1 Ekim, 12:50)
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Sekil 8. Imparatorice Locasi ve parlaklik haritasi (1 Ekim, 12:47)
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4.2. Elektrik Aydinlatmasi

Giintimtiizde elektrik aydinlatmasi olarak kullanilan avizeler, ilk
olarak 1849 yilinda Fossati kardeslerin yaptigi restorasyon
calismalar1 cercevesinde yapiya eklenmis kandillerin elektirige
dontistiirtilmiis uygulamalaridir [6]. Yapilan saha ¢calismasinda, bu
avizelerde cogunlukla 2012 yilinda degistirilen sar1 1sik veren
lambalarin  kullanildigr ve elektrikli aydinlatmanin miizenin
ziyarete ac¢ik oldugu saatlerde stirekli olarak kullamildig:

gozlemlenmistir.

Bu boliimde elektrik aydinlatmasinin binanin aydinlatma ortanmna
etkisi bilgisayar ortaminda imaj islemleri aracilig ile irdelenmistir.
Yapilan saha calismasinda, mekanda dogal aydinlatma ile
elektrikli aydinlatmay: ayristirabilmek amaci ile ard arda olgtimler
yapilmistir. Bu olctimlerde, oncelikle sadece dogal aydinlatma
ortaminda parlaklik dagilim degerleri kaydedilmistir. Sonrasinda
cekilen fotograflarda, hem dogal aydinlatma hem de elektrikli
aydinlatma kullanilarak ol¢timler yapilmistir. Bu iki dl¢timiin
arasinda en fazla 1-1.5 dakika fark vardir. Giines her 4 dakikada 1°
derece hareket etmektedir. Olgiimler bilgisayar yardim ile pes
pese ve miumkiin olan en kisa siirede tamamlanmstir. Ayrica
olctimlerin yapildigr giinlerde (6zellikle 2. ve 3. giinde) gokytizii
kosullar1 bulutsuz oldugundan, bu iki o6l¢im kullanilarak
asagidaki analizler yapilabilir:

¢ Mekanin yalnizca dogal aydinlatma ile aydinlatilmasi (Sekil 9a);

¢ Mekanin dogal ve elektrikli aydinlatma ile birlikte
aydinlatilmasi (Sekil 9b); ve

e Dogal ve yapay aydinlatmanin birlikte kaydedildigi imajdan
(Sekil 9b) sadece dogal aydinlatmanin kaydedildigi imaj (Sekil
9a) bilgisayar ortaminda ¢ikarilarak, mekanin yalnizca elektrikli
aydinlatma ile aydinlatilmasi (Sekil 9c).

Bu tglu olcim teknigi, ana kubbenin altinda (Sekil 9), giristen
apsise dogru  (Sekil 10) ve yan galeriden gilineye dogru
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yonlendirilmis (Sekil 11) fotograflarda ayri ayri analiz edilmistir.

Bu analizler incelendiginde ortaya su sonuglar ¢ikmaktadir:

Elektrikli aydinlatma kullanildiginda, lambalar en fazla
avizeleri ve zemin ytizeyini aydinlatmaktadirlar.

Lambalardan yayilan 1sik, birinci kattaki dikey yiizeylerin
aydinlatilmasina minimal bir katkida bulunsa da, bu 1s181n
ikinci kattaki ytizeyleri, kubbeyi, ve mozaikleri aydinlatmasi
soz konusu degildir.

Elektrik aydinlatmasi, Aya Sofya'min orijinal tasarimini
bozmaktadir. Daha once de belirtildigi tizere, Aya Sofya’nin 6.
yilizyildaki orijinal halinde de, sonrasindaki ytizyillar boyunca
stiren kullaniminda da, gece aydinlatmasinin giin batimindan
sonra kullanildig1r bu raporun 1. Bolum'iinde tartisilmustir. 4.1.
boliimde ise, Aya Sofya’nin essiz aydinlatmasinin altinda yatan
en 6nemli unsurun, pencerelerde ‘cercevelenen’ ve igeri stiziilen
giines 1smlarinin, yap: i¢indeki yiizey malzemelerinin renk ve
kompozisyonuna baglh olarak, giicli kontrast olusturacak
sekilde yaprya dagildigi, ve 1sik havuzlart olusturdugu
anlatilmistir. Sekil 12’de goriilecegi tizere, avizeler kubbeden
gelen giiclii giines 1siklar1 altinda zeminde golgeler olusturarak
151k karmasas1 yaratmakta ve mekanin algisini negatif yonde
etkilemektedirler.
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c) Elektrik 15181 ile aydinlatma

Sekil 9. Kubbenin giin1s181 ve elektrik ile aydinlatmasinin karsilastirmali analizi (17
Eyliil, 17:10)
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Sekil 10. Mekanin giin 15181 ve elektrik ile aydinlatmasin karsilastirmali analizi
(24 Eylul, 16:15)
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Sekil 11. Mekanin giinis181 ve elektrik ile aydinlatmasinin karsilastirmali analizi (17
Eyliil, 10:04)
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Sekil 12. Avizelerin giiclii giines 1s1klar altinda zeminde olusturdugu golgeler (1
Ekim, 13:27)



Aya Sofya’nin Aydinlatma Analizi

* Avizelerden yayilan 1siklar zemin ytiizeyinde yeni aynasal ve
“yoneltmeli yaygin” yansimalar olusturdugundan, 1sik
havuzlarmin algisini ve mekandaki kontrast degerlerini
bozmakta ve o6zgin 1sik hiyerarsilerini degistirmektedirler
(Sekil 12 -13).

* Ayrica, avizelerden yayilan 1s181in spektral zellikleri giines ve
gokytizii aydinlatmasindan farkli oldugundan, zeminden gelen
yansimalarda 1sik kirliligini artirmaktadir.

* Mekanda cekilen balik gozii fotograflardan birinin panoramik
agilimina bakildiginda (Sekil 14), avizelerdeki lambalarin yari
kubbenin pencereleri ile benzer agilara denk geldigi, ve gene
glines ve gokylizii aydinlatmasimin algisini negatif olgtide
etkiledigini gérmek miimkiindiir. Benzer bir hiyerarsi sorunu
apsisde de gozlenmistir (Sekil 15).

152 * Sekil 16’de goruldiigii tizere, ortada bulunan biiylik avize
kubbenin tam merkezinden bakildiginda kubbeyi ve kubbedeki
pencereleri tamamiyla kapatmaktadir.

Sekil 13. Avizelerden yayilan 1s1$m zemin yiizeyinde olusturdugu sar tonlarda
yeni aynasal ve “yoneltmeli yaygin” yansimalar (1 Ekim, 12:42)
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Sekil 14. Aya Sofya’min panoramik fotografi ve renk olgekli parlaklik haritasi
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Sekil 15. Elektrikli aydinlatma agikken ve kapaliyken apsise bakis
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Sekil 16. Kubbenin tam merkezinden bakildiginda ortadaki avizenin fotografi.

Tum glin siiren oOlctimlerde, (17 ve 24 Eylil) ic mekandaki
kubbenin altinda objektifin aks1 ile kubbenin merkezine yakin
olacak sekilde ve objektif yer diizlemine paralel olarak zemine
yerlestirilen bir tripod tizerine oturtulan fotograf makinesi (Canon
EOS 5D SLR) ile yapilan ol¢timlerin ince kalibrasyonlar1 Minolta
aydinlik olcer aleti ile yapilmistir. Dolayisiyla giin boyunca her 15
dakikada aydinlatma ol¢timii (liix) fotograf makinesinin objektifi
ile ayni dtizleme gelecek sekilde (yerden yiikseklik 76 cm)
yapilmistir. Sekil 17'de, 17 Eylul tarihinde i¢ ve dis mekanda
yapilan aydinlatma olctimleri gortilmektedir. Dis mekanda
[stanbul’'un anlik gokyiizti kosullari altinda olciilen aydinlatma
degerleri grafigin sol yamindaki aksta verilmistir, i¢ mekan
aydinlatma degerleri grafigin sag aksindan okunmalidir. Iki deger
de ltix birimindedir. 17 Eylil’deki hakim hava kosullar1 parcali
bulutludur, ve bunun etkisi net bir sekilde dis mekan
olctimlerindeki ~ (mavi  renkli  noktalardaki)  zikzaklarda
goriilmektedir. I¢  mekan  olgtimleri  (kirnmuzi  noktalar)
incelendiginde, bu noktadan yapilan o&l¢iimlerde disaridaki
aydinlatma kosullarindaki biiyiik degisikliklere ragmen, i¢ mekan
kosullarinin ~ sabit kaldigi  gozlemlenmektedir. I¢ mekan
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olcimlerindeki sar1  noktalar, Aya Sofya’daki elektrikli
aydinlatmanin kullanildig1 6l¢iim degerlerine denk gelmektedir ki,
olcimiin yapildigi noktada aydinlatma degerlerine katkisinin
minimal oldugu gozlemlenmektedir. Bu incelemeden de
anlasilacag tizere, elektrikli aydinlatmanin mekandaki aydinlatma
miktarmma katkis1 minimaldir. Bu ol¢timler 24 Eylul tarihinde

tekrarlanmustir ve Sekil 18’de grafik olarak gosterilmektedir.
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Sekil 17. D1s mekanda (Aya Sofya’ya yakin bir binanin etrafi acik olan teras
katindan) ve i¢ mekanda kubbenin altindan 17 Eylil tarihinde yapilan aydmlatma
olctimleri (17 Eylil)
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Sekil 18. D1s mekanda (Aya Sofya

ya yakn bir binanin etrafi agik olan teras

katindan) ve i¢ mekanda kubbenin altindan 17 Eyliil tarihinde yapilan aydinlatma
olctimleri (24 Eyliil)
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Bir mekanda gtivenli bir sekilde hareket edebilmek icin onerilen
aydinlatma degeri minimum olarak 30 ltix olarak belirlenmistir
[37]. Kutsal mekanlar i¢in 6nerilen tasarim hedefi olan aydinlatma
degeri 50 luxtir [37]. Aya Sofya’da ol¢im yapilan giinlerde
(ginesin ilk dogdugu anlar ve batist disinda miizenin agik oldugu
saatlerde), aydinlatma degerleri sadece giin 15181 ile 50 liixtin
tizerinde bulunmustur. Olgiilen ortalama aydinlatma degeri 80
luxtir. Bu deger, olcim yapilan Eylil ayindaki aydinlatma
kosullarina 6zgudiir. Ancak, bu degerlerden ve diger kaynaklarda
bulunan sporadik 6l¢tim bilgilerinden yola ¢ikarak, Aya Sofya’nin
ana kubbesi altinda 1sik degerlerinin yalnizca dogal aydinlatma
kullanarak da saglanabilecegi anlasilmaktadur.

4.3.Uzun Donem Aydinlatma Performans Analizi

3.3. bolimde aciklandig {izere, kisa donem saha olciim degerleri
kullanilarak uzun doénem aydinlatma kosullart yazarin yeni
gelistirdigi bir bilgisayar simiilasyon teknigi ile degerlendirilmistir.
Bu teknikte, disarida toplanan gokytizii verileri i¢ mekan verileri
birlikte  degerlendirilmis ve dinamik gtinisig1 simiilasyon
tekniginin temeli olan “gtinisig1 katsayis1” kavramu baz alinarak
gelistirilen yeni bir ektrapolasyon teknigi ile uzun doénem
aydinlatma kosullar1 simule edilmistir [31]. Bu teknik kullanilarak,
Aya Sofya’nin aydinlatma kosullar1 21 Aralik tarihi 6glen
saatlerinde ve bulutlu hava kosullar1 altinda belirlenmistir (Sekil
19). Kis giindonimii olan 21 Aralik tarihi yilin en kisa ginudiir;
glines yilin en yatay konumundadir ve bulutlu gokytizti kosullar1
goz oniine alindiginda, yilin en dusiik aydinlatma degerleri bu
giinde gozlemlenir.

Sekil 19'da gorildugiu tizere ve beklenildigi gibi, Aralik ay1 ve
bulutlu giinler i¢in tahmin edilen ytizey parlaklik degerleri, 6l¢im
yapilan Ekim ay1 degerlerine gore diistiktiir. Insan gozt diisiik
parlaklik degerlerini ayirt edebilmektedir. Gorme alaninda adapte
olunan parlaklik miktarinin 10 kandela/m2'nin {stine ¢iktig
durumlarda, goziin normal “aydinlik gorme” (fotopik gorme)

modu tetiklendiginden, yukarida bahsedilen kosullar altinda bile
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mekanin algis1 miimkiin olacaktir. Ancak, bu kosullarin ekstrem
oldugu unutulmamalidir, ve ancak ekstrem kosullarda mekanin
elektrik 15181 ile aydinlatilmasinda sakinca yoktur.

5.SONUCLAR VE ONERILER

Keinbauer ve digerleri [6] 6. yy’da Aya Sofya’nin igerisindeki 1s5181n
ginimiizden farkli oldugunu, zaman iginde kaybolan renkli
camlarin saydam camlarla yenilenmesinden dolay1r 1s1§imn o
tarihlerde giintimiizden daha aydinlik oldugunu savunurken,
Schibille [14] bu tezin tam tersini savunmaktadir. Schibille’e gore,
ozellikle Fossati doneminde yapilan restorasyon sonucu
gtintimiizde i¢ mekana daha az 151k ulasmaktadir.

Bu rapor cercevesinde yapilan analizler, tarihi degisimlere 1s1k
tutamazlar, ancak elde edilen veriler Aya Sofya’nin sadece dogal
aydinlatma ile yeterince aydinlatilabilecegini gostermektedir.
Giintimiize ulasmis 6. yy'dan kalan metinler ve sonrasinda yapilan
bilimsel ¢alismalardan gene net bir sekilde ortaya konan bir diger
bilgi de Aya Sofya’nin orijinal tasariminda ve yiizyillar stiren
tarihinde yakin déneme kadar giin 15181 ile yapay aydinlatmanin
ayni anda kullanilmadigidir.

Sekil 19. a) Aya Sofya’da 24 Eyliil tarihinde giinesli hava kosullar altinda 6lgiilen
parlaklik degerleri b) 21 Aralik tarihinde bulutlu hava kosullar altinda
ekstrapolasyon yolu ile simule edilen parlaklik degerleri
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Bu bilgiler 1s1ginda ¢ikarilan sonuclar ve oOneriler su sekilde
ozetlenebilir:

* Aya Sofya’nin essiz aydinlatmasinin, en énemli iki 6gesinden
birisi 15181 gliclii bir yonsellik gostererek (dogrultusal olarak)
mekana akmasidir. Kubbede ve yar1 kubbelerde bulunan
pencereler giinesin azimut agis1 ile cakistiklarinda, i¢ mekanda
151k havuzlar olusmaktadir. Bu 1s1ik havuzlarinin yeri giinesin
azimut acisina bagli olarak giin boyunca, giinesin ytikseklik
agisina bagli olarak da yil boyunca degismektedir. Aya Sofya’da
zamanin gecisi, bu dinamik 1sik havuzlarmin hareketi ile,
ozellikle vurgulanan bir niteliktir.

* Aya Sofya’nin essiz aydinlatmasinin, en 6nemli diger 6gesi ise,
ylizey malzemelerinin rengi ve 15181 yansitma ozellikleri ile, bu
malzemelerin renk ve yansitma agisindan ustaca yerlestirilmis
kompozisyonlar1 ve hiyerarsik diizenleridir. Dikey ytiizeylerde
kullanilan koyu renkli mermerler, 15181 biiyiik 6lgtide emerken,

158 Marmara mermerinden doésenmis olan zemin yiizeyinden,
aynasal ve “yoneltmeli yaygmn” olarak tekrar mekana
yansitilmaktadirlar.

* Bu iki 6zelligin sonucunda olusan 1sik kontrastt Aya Sofya’nin
dramatik, siirsel, buytili ve mistik tanimlarinin arkasindaki
fiziksel fenomendir.

* Elektrikle aydinlatma giindiiz saatlerinde kullanildiginda Aya
Sofya’nin orijinal tasariminda saglanan ve (i) mekanin formu
ve forma dayali detaylari, (ii) ytizey malzemelerinin 15181
yansitma oOzellikleri ile (iii) 1s1k kaynaklarmmin yerlesimi,
spektral ve agisal dagilimlarinin bir birlesimi sonucunda ortaya
¢ikan kompozisyonu bozmaktadir.

* Elektrikli aydinlatma kullanildiginda, lambalar en fazla
avizeleri ~ve zemin  yizeylerini  aydinlatmaktadirlar.
Lambalardan yayilan 1sik, birinci kattaki dikey ytizeylerin
aydinlatilmasma asgari diizeyde bir katkida bulunmaktadir.
Isik kaynaklarinin, siddeti, dagilimu ve fiziksel konumlar
nedeniyle kubbeyi ve mozaikleri aydinlatmasi s6z konusu
degildir.
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Avizelerden yayilan 1sik zemin yiizeylerinde yeni yansimalar
olusturdugundan, 1sik havuzlarinin algisin1 ve mekandaki
kontrast degerlerini bozmaktadir.

Mekan algisinda goziin mekandaki dominant degerlere
adaptasyonu ¢ok o¢nemlidir. 3.4. boltiimde agiklandig gibi,
insan gozii toplamda 14 logaritmik olcek icerecek sekilde ¢ok
genis bir aralikta parlaklik degerlerini algilayabilmektedir,
ancak ayni mekan i¢inde sadece 4 logaritmik aciklikta dinamik
sistemi algilayacak kapasitedir. Bu 4 logaritmik aciklik, o anda
ortama hakim olan aydinlatma degerlerinin adaptasyonuna
bagli olarak 14 logaritmik skala tizerinde degismektedir. Aya
Sofya’ya ozellikle giinesli giinlerde disaridan giren ziyaretciler
icin narteksden ana kubbenin ici, hentiz daha diisiik seviyede
olan aydinlatma degerlerine adapte olamadiklar1 icin, los
gelebilir. Ancak bu adaptasyon icin saniyeler, yada bir kag
dakika yeterlidir. Yazarin saha arastirmasini yaptign dénemde,
1siklar kapaliyken gelen turist rehberlerinin 1siklarin agilmasini
istemelerinin altinda yatan fizyolojik neden, hentiz Aya
Sofya’nin i¢ mekan 1siklarina adapte olmamalaridir. Bu
adaptasyon tamamlandiktan sonra i¢ mekan karanlik
algilanmayacag1 gibi, elektrikli aydinlatma olmadan mekanin
kontrasti daha iyi gozlemlenecek ve ziyaretci deneyimi olumlu
yonde artirilacaktir.

Binanin o¢zgiin 1sik kalitesini korumak ve ziyaretcilere bu
deneyimi yasatmak igin ana kubbe altinda elektrik
aydinlatmasinin sadece giintin kisa oldugu kis aylarinda,
havanin kapali oldugu giinlerle sinirli olarak kullanilmasi
onerilir.
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Sekil 20. Aya Sofya’nin 1 Ekim 2012 tarihinde saat 1:20’de giinesli hava kosullar:
altinda kaydedilen parlaklik (liiminans) dagilim haritas1
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