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A Study of the Performance of Skylights:
Computational Simulation Analysis by Photon Mapping of Skylights
Using Glass Balls

Summary

This paper examines lighting performances of skylights using glass balls, the practicality of
these types of skylights for buildings, and how the color of the interior materials affects the
lighting performance of the skylights.

In this research the algorithm for photon mapping, which has been validated in a
collaborative effort between the National Research Council Canada (NRC), Harvard
University and Autodesk, was used to analyze the phenomenon of direct sunlight entering
the glass balls, refracting and diffusing.

In this experiment, each combination of four different types of skylights and six different
interior materials were analyzed. Two analysis methods for calculating uniformity were
used. One method was making realistic rendered images and illuminance distribution
images. The other method was taking numeric illuminance measurements.

The results showed that the larger amounts of glass balls in the skylights increased the
uniformity of the light distribution. Moreover, the higher the value of the color of the wall
material increased the average illuminance and uniformity, and in matte materials the
difference in lighting performance due to the difference of value of color was larger than
that in glossy materials.

In this study, it was found that it is better to use a material with a high value of color as an
interior material in order to bring about a higher illuminance and a higher uniformity using
skylights with glass balls. Moreover, a big achievement of this research was that an analysis
of the lighting effect of light through refractive materials was made possible by computer

lighting analysis using photon mapping.
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1. Introduction

1.1 Background

A history of skylights dates back to Pantheon of the ancient Roman Empire. Figure 1-A
illustrates a hemispherical dome of the Pantheon that was constructed around 27 B.C. The dome
is extremely heavy, with a wall thickness of 1.5 m to 5.9 m and a volume of 53.000 cubic meters.
At the top of this dome, a round opening (or oculus) with an area of about 63 square meters was
installed, and this skylight illuminates the space [1].

Figure 1-B is a photograph of the Kimbell Art Museum built in 1972, This building is based on a
vault space using a cycloid curve, and incorporates natural light from a gap at the top and
reflectors. By vaulted ceiling of exposed concrete, the natural light taken in is diffused and
reflected. This creates a soft light and prevents direct sunlight from reaching the artworks.
Therefore, it prevents deterioration of artworks while brightening the space with natural light [2].

Another similar example is given. Figure 1-C which shows a lighting element’s section view of
the Menil Collection museum designed by Renzo Piano which was built in 1987. By using sun
louvers in the building, indirect natural light can be reflected uniformly into the exhibition rooms,

while blocking direct light [3].

Figure 1-A [1] Figure 1-B [4]



S

As a general lighting rule, it is prescribed that skylights are 3 times more effective in daylighting
performance, compared to side windows [5]. However, in summer and around noon, direct
sunlight is very strong and interior spaces are not illuminated uniformly. There are
countermeasures that can be taken, such as making the window glass corroded glass, or setting a
roll screen on the skylight [5]. Figure 1-D indicates an example using corroded glass in an
exhibition room of Kunsthaus Bregenz. Figure 1-E indicates an example of using a roll screen in
an office building in Yokohama. But there are problems with these designs that result in a

reduction of daylighting effects.

Figure 1-D [3] Figure 1-E [6]

Some special examples of solving this problem with refractive materials will be introduced here.
The first is Figure 1-F [6], a skylight in the Tokyo Midtown building. It is a skylight to receive
natural light into an underground space. Water is flowing on the surface of this skylight, and the
sunlight entering the underground space is diffused by the refraction of the water. In Addition,
due to the heat insulating properties of water, the insulation of the skylight is improved [6].

The second example is Figure 1-G, “I Project Skylight” designed by Ove Arup & Partners Japan

Ltd and KUME SEKKEI Co. Ltd. The main feature of this building is the skylight at the top of



the colonnade. Prism louvers, that refract and diffuse light, are installed in this skylight and
introduce a level of brightness into the space so that it does not feel underground. In this skylight
design, a geometric analysis of the amount of light diffusion of the louvers was done by
Grasshopper, which is a plugin of Rhinoceros. In addition, a one-ten scale physical model was
made and measurements were taken using the physical model and actual sunlight [7].

The third example is Figure 1-H, the glass floor of the observation deck in the Marunouchi-
Building in Tokyo, which incorporates the spreading of glass balls as decoration [6]. The deck is
structured so that direct sunlight, incident on the glass floor, is sufficiently refracted and diffused

by the glass balls and taken into the space below.

Figure 1-F [6] Figure 1-G [8]




1.2 Purpose

Among the above examples, using glass balls as refracting materials not only improves indoor
lighting but it is also effective as ornament. Therefore, I considered this method to be optimal for
improving the lighting environment in public spaces and commercial spaces.

The purpose of this study is to propose skylights that refract and diffuse direct sunlight using
glass balls. In addition, the performances of the skylights are analyzed using computational
simulation analysis.

However, there is a problem analyzing skylights that use refractive materials.

The lighting analysis tool generally used in the field of building environmental engineering is
“Radiance™. The algorithm of “Radiance™ is Radiosity [9]. Radiosity is a lighting algorithm to
calculate lighting effect by only reflection and diffuse reflection of light. Therefore, diffuse
reflection of light can be analyzed, but refraction of light cannot be analyzed [10]. For this reason,
we cannot analyze lighting performance of skylights using refractive materials with this method.
In this study, “Exposure lighting analysis™ is used for lighting analysis. This is a lighting analysis
tool add-on for 3dsMax which has been validated in a collaborative effort between the National
Research Council Canada (NRC), Harvard University and Autodesk [11]. This lighting analysis
algorithm is Mental Ray's photon mapping [12]. Therefore, it is possible to analyze phenomena
(caustics) in which light refracts and transmits through transparent substances such as glass. For
this reason, it is possible to analyze the phenomenon of direct sunlight entering the glass balls and
refracting and diffusing.

This paper examines the lighting performances of skylights using glass balls and the practicality
of the skylights for buildings, mainly commercial facilities. In addition, considering a relationship
between reflectance and value of color [13], this research examines how the color of the interior

material affects the lighting performance of the skylights.



2. Methods

2.1 Creating Analysis Models

Software : Rhinoceros 5 (Robert McNeel & Associates)

2.1.1 Settings of Analysis Space and Skylight

First, analysis spaces were set. Figure 2-A indicates an analysis space model. The inside
dimensions of the model are 6 meters width, depth and height. A skylight is placed at the center
of the top surface of the model. Figure 2-B indicates a section view of the model and a detail of
the skylight. The skylight is composed of double 3 mm thick sheets of glass.

(In this analysis, a detailed structure of the window is simplified for analysis. The structure of the

skylight is not considered.)
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2.1.2 Modeling Skylights with 4 Different Patterns

In this research, four different skylights were modeled. They are as follows.

® A Skylight without Glass Balls
@ A Skylight with One Layer of Glass Balls
@® A Skylight with Two Layers of Glass Balls

® A Skylight with Three Layers of Glass Balls

Figure 2-C-1 to Figure 2-C-4 indicate the 4 different types skylights. The first(2-C-1) is a skylight
without glass balls. The second one(2-C-2) is a skylight with one layer of glass balls, each with a
radius of 10 mm. The third one (2-C-3) is a skylight with two layers of the glass balls. The fourth

one (2-C-4) is a skylight with three layers of the glass balls.

11



Figure 2-C-1 Figure 2-C-2

Figure 2-C-3 Figure 2-C-4

12



2.2 Settings for Analysis

Software: Autodesk 3dsMax 2017

2.2.1 Material Settings
Materials of the models were set up in Mental Ray Arch & Design software.

2.2.1.1 Material Setting of Glass Balls and Skylight’s Glass
Table 2-1 shows the material setting of the glass balls and skylight’s glass. This setting is based
on a template of “Glass (Physical)” in Mental Ray Arch & Design. In addition, the maximum

number of refractions were increased for accurate analysis.

Table 2-1. Material Setting - Glass

Main Material Parameters
Diffuse Reflected Light

Diffuse Level 0.0
Color R:0.5 G:0.5 B:0.5
Roughness 0.0
Reflection
Reflectivity 1.0
Color R:1.0 G:1.0 B:1.0
Glossiness 1.0
Refraction
Transparency 1.0
Color R:1.0 G:1.0 B:l.0
Glossiness 1.0
IOR 1.54

Advanced Rendering Options
Advanced Transparency

Glass * Translucency Solid
Refraction - Max Trace Depth 100
Transparent Objects Generate Caustics




2.2.1.2 Material Setting of Floor, Walls and Ceiling

In this research, in order to examine how the color of the interior material affects the lighting
performance of the skylights, six materials with a different value of color and glossiness were
created and the results of using each material as structures (floor, walls and ceiling) were

compared. The six materials are as follows.

® Matte — White

® Matte — Gray
® Matte — Black
® Glossy — White
® Glossy — Gray
® Glossy — Black

From Table 2-2-1 to Table 2-2-6 show the detailed settings of the frames. These setting are based

on templates of “Matte Finish” and “Glossy Finish” in Mental Ray Arch & Design.

Table 2-2-1. Material Setting - Structure-Matte-Gray

Main Material Parameters
Diffuse Reflected Light

Diffuse Level 1.0
Color R:0.5 G:0.5 B:0.5
Roughness 0.2
Reflection
Reflectivity 0.0
Color Rel0 Gk B:l0
Glossiness 0.9
Refraction
Transparency 0.0
Color R:1.0 G:1.0 B:1.0
Glossiness 0.0
IOR 1.00

14



Table 2-2-2. Material Setting - Structure-Matte-White

Main Material Parameters

Diffuse Reflected Light

Diffuse Level 1.0
Color R:0.8 G:0.8 B:0.8
Roughness 0.2
Reflection
Reflectivity 0.0
Color R:1.0 G:1.0 B:1.0
Glossiness 0.9
Refraction
Transparency 0.0
Color R:1.0 G:1.0 B:1.0
Glossiness 0.0
IOR 1.00

Table 2-2-3. Material Setting - Structure-Matte-Black

Main Material Parameters

Diffuse Reflected Light

Diffuse Level 1.0
Color R:0.2 G:0.2 B:0.2
Roughness 0.2
Reflection
Reflectivity 0.0
Color R:1.0 G:1.0 B:1.0
Glossiness 0.9
Refraction
Transparency 0.0
Color R:1.0 G:1.0 B:1.0
Glossiness 0.0
IOR 1.00

Table 2-2-4. Material Setting - Structure-Glossy-Gray

Main Material Parameters

Diffuse Reflected Light

Diffuse Level 1.0
Color R:0.5 G:0.5 B:0.5
Roughness 0.0
Reflection
Reflectivity 0.75
Color R:1.0 G:1.0 B:1.0
Glossiness 0.9
Refraction
Transparency 0.0
Color R:1.0 G:1.0 B:1.0
Glossiness 0.0
IOR 1.00




Table 2-2-5. Material Setting - Structure-Glossy-White

Main Material Parameters

Diffuse Reflected Light

Diffuse Level 1.0
Color R:0.8 G:0.8 B:0.8
Roughness 0.0
Reflection
Reflectivity 0.75
Color R:1.0 G:1:0 B:l:0
Glossiness 0.9
Refraction
Transparency 0.0
Color R:1.0 G:1.0 B:1.0
Glossiness 0.0
IOR 1.00
Table 2-2-6. Material Setting - Structure-Glossy-Black
Main Material Parameters
Diffuse Reflected Light
Diffuse Level 1.0
Color R:0.2 G:0.2 B:0.2
Roughness 0.0
Reflection
Reflectivity 0.75
Color R:1.0 G:1.0 B:l1.0
Glossiness 0.9
Refraction
Transparency 0.0
Color R:1.0 G:1.0 B:1.0
Glossiness 0.0
IOR 1.00




2.2.2 Algorithm Setting

Table 2-3 shows the algorithm setting in this research. The setting of Final Gather was based on a
tutorial of lighting analysis in 3dsMax 2017. (Final gather is a technique for estimating global
illumination for a given point by either sampling a number of directions over the hemisphere over
that point, or by averaging a number of nearby final gather points [14].) In addition, to be as close
to reality as possible, the maximum numbers of reflections and refraction were increased. As for

photon mapping, Trace Depth and the number of photons were increased.

2.2.3 Setting of Sunlight

In this research, weather data on the website of the US Department of Energy was used for the

lighting analysis [15].

2.2.3.1 Setting of Measurement Area
The measurement area is Hyakuri airfield in Ibaraki that is the nearest area to Tokyo in all

measurement area.

2.2.3.2 Setting of Measurement Dates and Times
The analysis was done for three times of the year, spring, summer and winter. The measurement
times are for Sunny days (the days when direct normal illuminance is high) before and after the

summer solstice, spring equinox and winter solstice. The measurement dates are as follows.

® Measurement Date — Spring: March 20
® Measurement Date — Summer: June 22

® Measurement Date — Winter: December 21

The analysis times are every hour from 6 a.m. to 6 p.m. on the dates. Table 2-4 shows the sunlight

data of measurement dates in the area.



Table 2-3. Render Setup

Global Illumination

Final Gather

Multiplier 1.0
Initial FG Point Density 0.2
Rays per FG Point 150
Interpolate Over Num. FG Points 50
Diffuse Bounces 4
Weight 1
Trace Depth
Max. Depth 400
Max. Reflections 200
Max. Reflactions 200

Caustics & Photon Mapping

Caustics
Multiplier 1.0
Maximum Num. Photons per Sample 100
Photon Mapping
Multiplier 1.0
Maximum Num. Photons per Sample 500
Volumes
Maximum Num. Photons per Sample 100
Trace Depth
Max. Depth 400
Max. Reflections 200
Max. Refractions 200
Light Properties
Average Caustic Photoms per Light 2000000
Average Gl Photons per Light 2000000
Decay 2.0

Geometry Properties
All Objects Generate & Receive GL and Caustics

18



Table 2-4 : Sunlight Data for Analysis

EnergyPlus Energy Simulation Software : TOKYO Hyakuri : Summer - June 22

6:00 7:00 8:00 9:00 10:00 11:00 12:00

Diffuse Horlz: llluminance(lx) 24400 25000 39600 45400 49100 51300 40000
Direct Normal: Illuminance(Ix) 14200 5800 6400 4000 6000 6100 61900

13:00  14:00  15:00 16:00 17:00  18:00

Diffuse Horlz: Illuminance(1x) 24000 23800 21800 22000 8600 1100
Direct Normal: [lluminance(1x) 79400 73000 62900 31900 0 0

EnergyPlus Energy Simulation Software : TOKYO Hyakuri : Spring - March 20

6:00 7:00 8:00 9:00  10:00 11:00 12:00

Diffuse Horlz: Illuminance(Ix) 5100 16700 26900 38500 45400 42500 39600
Direct Normal: [lluminance(lx) 0 4200 8900 6800 6900 4300 27300

13:00  14:00  15:00 16:00 17:00  18:00

Diffuse Horlz: Illuminance(Ix) 42700 24300 14400 13100 2100 0

Direct Normal: Hluminance(Ix) 26100 59900 65100 25900 0 0

EnergyPlus Energy Simulation Software : TOKYO Hyakuri : Winter - December 21

6:00 7:00 8:00 9:00  10:00 11:00 12:00

Diffuse Horlz: [lluminance(Ix) 100 5500 13400 16500 15000 13900 12800
Direct Normal: Illuminance(lx) 0 6000 32700 55100 68600 76500 76300

13:00  14:00  15:00 16:00 17:00  18:00

Diffuse Horlz: Illuminance(Ix) 17300 11300 7400 600 0 0

Direct Normal: Illuminance(1x) 53000 8700 9700 0 0 0

19



2.2.4 Analysis Method

In this research, two methods were used as representation methods of the analysis results. The

first is making images. The second is the measurements and calculations of illuminance.

2.2.4.1 Making Images

Figure 2-D indicates a planar image of the camera installation in the model. A camera was
installed at 1600 mm above the floor of the indoor space. Using this camera, images of realistic
rendered images and illuminance distributions were rendered. Table 2-5 shows the main setting of

the camera. Table 2-6 shows the setting of the image output environment.

[}
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6200
Figure 2-D

Two types of images, a perspective image and an illuminance distribution image, were made.
Table 2-7-1 shows the setting of exposure control for making the perspective images. Table 2-7-2

shows the setting of exposure control for making the illuminance distribution images.

20



Table 2-5. Setting of the Camera

Free Camera

Parameters
Lens 20.0 mm
FOV 83.974 deg
Environment Range
Near Clip 0.0 mm
Far Clip 10000.0 mm
Target Distance 1600.0 mm

Other Settings are Default

Table 2-6. Environment of the Camera

Common Parameters

Background
Color R:0.0 G:0.0 B:0.0
Environment Map Not Use
Global Lighting
Tint R:1.0 G:1.0 B:1.0
Level 1.0
Ambient R:0.0 G:0.0 B:0.0

21



Table 2-7-1. Exposure Control for Making

Images
mr Photographic Exposure Control
Exposure
Exposure Value 9.0
Image Control
Highlight(Burn) 0.25
Mid tones 1.0
Shadows 0.2
Color Saturation 1.0
White point 6500 Kelvin
Vignetting 0.0

Physical scale

Physical Units: (cd / m2)

Gamma / LUT Settings

Display Gamma Enabled

2.200000

Table 2-7-2. Exposure Control for Making

[lluminance Distributions

Pseudo Color Exposure Control

Display Type

Quantity [lluminace

Style Colored

Scale Linear
Display Range

Min 0.0 Ix

Max 4000 Ix
Physical Scale 1500 cd

22



2.2.4.2 Measurement and Calculation of Illuminance

The second method is to set 121 illuminance measuring points in the space and measure
illuminance at each point. Figure 2-E-1 and Figure 2-E-2 indicate a planar image and an isometric
image of the measurement points’ arrangement. Purple circles in Figure 2-E-1 and Figure 2-E-2
are points at which illuminance is measured. Illuminance measurement points were arranged at
500 mm intervals on a floor at a height of 800 mm and illuminance values were measured at each

point in the model. Based on the measurement data, the following 4 items were calculated.

® Maximum Illuminance
@® Minimum Illuminance
® Average llluminance

® Uniformity

Uniformity is the ratio of the minimum illuminance to the average illuminance, based on JIS

standards [16].
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® @ 2 o 5 & & @ 0 0 @
® @ o 88 0o 00 0 00
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6200

Figure 2-E-1 Figure 2-E-2
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3. Results

The analysis data with each skylight were shown in the following format.

In this chapter, images of realistic rendered images and illuminance distributions at 11 a.m. on
each measurement date are shown. Moreover, the above items (Maximum Illuminance, Minimum
Illuminance, Average Illuminance and Uniformity) from 6 a.m. to 6 p.m. on each measurement
date are shown. The images from 6 a.m. to 6 p.m. and more detailed numeric analysis data are

included in chapter 8. Appendices in this paper.

! . Skylight with One Layer
Skylight without Glass Ball of Glass Balls
Realistic . Realistic .
Randeiad Iluminance Reidared Iluminance
5 Distribution Distribution
Image Image
Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls
Realistic ! Realistic ,
Illuminance [lluminance
Rendered T Rendered SN
Distribution Distribution
Image Image

Numeric Data
Table 3-0. Analysis Result - *Matte or Glossy” - "Color” - "Measurement Date”™
— — Vatumem msanco it
600 T 50 .00 10m (TR 1200 1300 14w 1500 1600 170 K0 Averape
No-falase- Halls
1] aver-Lilans-Talls
2L ayers-Cilass-Patls
3oL ayers{ilavs-Ralls
Meumnn-llluomssoo b
o0 i) L] 0 10 e 11 1200 1300 1400 1500 1600 1700 1800 Average
No=Gilas-Llally
1 -Layer-Lilass-Ldalls
2-Layere-Glass-Dally
A-Laverv-Lilass-Halls
Average-Wlaminancet by
(] Ti0 [TT] SO0 o 1l 1300 %00 [ 1500 1600 1100 KO0 Average

Nowdibans-Halls
1laverLilass-{3alls
2eLayersLilsis-lalls
-Layers-Gilais-lalls

U maicrmmiy
& 00 740 10 900 10 00 [1E ] 1200 LR 14 0 1500 ll\‘lﬁ 1700 1K 0 A\ﬂ!

Naw-Crlans alls

1+ ayer-Cilas-Talh
2 ayersedilase-llalls
J-Layered ilass-Lhalls
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3.1. Results in Spring

Results with Matte White Material

Skylight with One Layer
of Glass Balls

-

Skylight without Glass Ball

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-1-2. Analysis Result - Matte - White - Spring
Maxin-Hhmmanece(ix)

60 740 Ri00 G0 1000 TR0 1200 1300 1400 1500 1600 1700 1%00  Average
No-(ilass-Halls 336 1233 2107 3554 5049 4191 AR 5428 5055 2524 1164 137 2974
I-Layer-CGiloss-Halls 385 (RE.1] 1934 i U] 326 Hn 3746 3674 ER 229 1222 148 2250
2-Layers-Giliss-Ralls EEE 163 2082 1359 AToR £l 3226 4m9 3869 2651 1181 1 2403
F-Dayers-diluss-Balls 278 104 1799 2752 s 2531 2046 3 3284 2337 1143 135 2051
Minimume-lummonce( )
L1 pEL LA RALI LA 11:06 12:00 13000 14:00 15:00 (LR 17:(0) 18:00  Average
No-Gilass-Halls 262 s 1398 1871 2250 214K 3082 292% 2762 1939 9us 14 1714
1-Layer-Giliss-Halls 257 Koty 1398 2022 2308 27 2830 849 2650 1823 ] 12 1691
2-Layers-Glass-Halls 248 R 1344 [EAtT] 230 2026 2673 2696 2476 1778 L] s 15949
3-Layers-ilass-Halls 229 76l 1205 15060 2246 2016 2387 2470 22 1672 67 u3 1495
Average-[llumi Ix)
L1 T:AKI LEL paL] kA0 [IRL 12:00 1300 14:060 15:00 L6000 17:00 18:00 J‘\\‘m
No-CHass-Halls bl [[L1] 1611 nn W37 2706 AToR 347 326 2148 w92 122 033
I-Layer-Cilass-Halls m 982 1576 27 274 2564 124 3136 2823 1956 EL] 125 1876
-l ayers-Lilass-Halls K2 RUL] 14 2105 2583 2287 2HRT 2936 2605 sz U ni 1762
3-Layers-{ilass-Halls 247 R3O 1343 1972 2447 2225 2595 2695 2514 1865 #59 106 1641
Vmformity
BeiMp T:A¥) LRl LA [[EELI) 11:00 12:00 13000 14:00 15:000 16:00 17-1d0 | K0y J‘\W‘I’ﬂ
No-Cilass-Halls 40 [R50 U.R68 0524 0793 0794 [0 1542 L1852 0903 0922 nY3is 0.%64
1-Layer-Cilass-Halls LRR3 naln 0LERT 0890 0.H54 0887 0906 0909 0.939 0932 LIAHR (LR (LR U]
2-Layers-(ilass-Halls OETY (IR0 ] .89 089N 194 (L5 1] 0,926 N9y 0919 0.920 0.m2 0894 0903
3-Layers-Cilass-Halls 04929 0917 K597 0913 04915 1. 0920 LR nals 0897 0593 0L.579 0,908
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Results with Matte Gray Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-1-1. Analysis Result - Matte - Gray - Spring

Skylight without Glass Ball

Maximum-luminance(1x)

600 T.00 R0 il 10060 11:00 12:00 (EEC) 1400 15:00 16:00 17:00 18:00  Average
No-Cilass-Balls 150 564 1036 1945 2995 2392 2425 2782 2082 R6S 475 59 1481
I-Layer-Cilass-Halls 6% SR g 1359 1748 1556 1639 1624 1219 o2 98 [ mz
2-Layers-Gilass-Halls 165 618 e 1927 2044 am 127 I%R2 1631 951 556 n a4
3-Layers-Gilass-Ralls 132 567 959 1466 1481 1175 1204 1459 1244 RS SR ] 9222

Minimum-111 x)

L RELL) LALL) R 1000 11:00 120 1300 14:00 15400 160K 17:00 1800 M\m!c
No-Gilass-Halls m 293 445 596 691 05 203 K29 44 438 261 £ 404
| -Layer-Cilass-Halls &7 07 4 674 REl T46 43 am 6RK 49 m 40 517
2-1 ayers-Gilass-Hallu 6 21 464 656 T06 ™ K18 RAS 657 433 o 17 SoR
3-Layers-(ilass-Halls £6 270 402 625 756 721 TRT 79 622 408 253 13 479

Average11l 1

600 T:0% .00 AL 1000} 1100 12:00 13:000 14:00 1 5:00 [ LR 17:00 18:M A
No-Gilass-Halls 2 176 591 903 162 [NE] 1278 1262 KE4 49 i 45 TI7
1-Layer-Gilass-Halls (1} K3 607 Rl 10 1020 1073 1152 HiK 60 347 50 677
2-1ayers-tilass-Halls 1% in4 (1) Ko LILL 933 il (L] ™ 523 EEL AN Hih
3-1ayers-Gilass-Halls 1 45 534 T8 940 XT6 934 965 TH0 16 i3 44 92

Uniformiity

HAX) T4 K00 900} 1000 1100 12:00 13.00 14:00 15:00 1606} 17.00 18:00  Average
Noilass-Halls R 0778 0753 .6} 595 ail 0N 0657 0729 0798 0Ris 0 K36 0730
1-1 ayer-Cilass-Halls 072 NR02 0747 0756 MAT6 073l 0786 a7 0821 0.802 0,787 0.5 0769
2-1ayers-Gilass-Halls 0732 0751 01764 0,776 L7R9 0790 0825 08 0524 0827 0802 0761 0,789
3-1ayers-Gilass-Halls 826 0783 0.753 ) %04 {1804 0.823 .843 0.807 a1y 11,790 1).809 0.750 0801
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Results with Matte Black Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-1-3. Analysis Result - Matte - Black - Spring

Maximum-llummimce(Ix)

Skylight without Glass Ball

L) 700 K00 .00 10006 1100 12:00 13.00 14:00 15060 1606 17:00 K0 Average
MNo-Cilass-Balls 95 361 6RT 1341 21m 1821 1768 1932 1132 451 2 3n 100%
I=Layer-Cilass-Halls m LLe] fid u 1205 1w i 17y 7 ira gl 45 Bl
2-Layers-Glass-Balls LRE] 448 L1 1414 1452 100s 793 1251 w7 547 i 51 mn
3-Layers-(ilass-Halls 9 421 TS 108 1056 220 Td M 673 I8 4 47 6i3
M 1 (1)
[ 10 RN 0 10:00 11:00 12:00 13:00 14:00 15:400 (R (KL 1K:M Average
No-Cilass-Halls 43 132 191 251 3o 43 62 47 09 125 m 17 03
I-Layer-Gilass-HBalls £ 145 210 34 33 377 390 421 256 136 15 0 23]
2-Layers-Cilass-Halls 40 134 2% Eri ] 4 am 44 449 262 165 124 17 244
3-Layers-Gilass-Halls 45 40 192 13l i 403 398 397 247 135 s 17 235
Average-1llumi 1x)
600 T:00 K00 Rl 10:00 1100 12:00 13:00 14:00 15:00 1606 17:00 18:00  Average
No-Cilass-Halls & 19 ki) 495 073 " 670 683 KTk 2 151 24 377
I-Layer-Gilass-Halls [ 217 46 517 648 23 65 3 mn ) 178 29 in
2-Layers-ilnss-Halls (] 21t 3 AR 595 554 545 597 30 231 179 b1 153
3-Layers-Gilnss-Halls i 211 3R 469 564 537 335 552 36 208 171 27 334

Linifommity

LY T K00 00 10:00 11:00 12:00 13.00 14:000 15:00 16.00 17000 18:00  Average
Newtilass-Halls niz 0664 0623 [E (X 0496 0540 0150 1,560 0624 166y 171 10,544
I-Layer-Cilass-Halls 568 0682 116N 0627 516 0605 0645 655 689 LT 5 0 H% 0627
2-1ayers-Cilass-Halls 0.5%1 0620 1654 0674 (L6857 668 0741 0,752 0,689 0TS 1694 .6 0674
3-layers-ilass-Halls 0713 .663 D603 0.703 10696 0,750 0,744 0719 0714 0662 LLARN 641 0.692
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Results with Glossy White Material

Skylight without Glass Ball

Skylight with One Layer

of Glass Balls

Skylight with Two Layers
of Glass Balls

Skylight with Three Layers
of Glass Balls

Table3-1-5. Analysis Result - Glossy - White - Spring

Numeric Data

“Maximia -

(2L T:00 R:00 9.00 AL 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00  Average
No-Glass-Halls 447 1536 113 I6M 4675 332 2004 3275 2360 o6 619 12 - 207
I-Layer-ilass-Halls 461 1542 2424 3ss 3295 2579 124 291 2324 1648 1274 192 2018
2-Layers-Gilass-Halls 44 1487 2265 3647 624 2601 nn 60 2762 %05 1209 186 2124
3-Layers-Gilass-Balls mn R3S 1175 1%07 IRR1 1850 2178 273 2313 1626 1178 180 1503

e M luumance(bx)

(L1 T LR AN} IU:Q 11:00 12060 [ERLL 14:060 15:000 (LR l'l'J_ll 1 K0 J‘\nm
NowGlass-Halls 124 Al BIR #30 M5 994 1295 " 20 A6 iR 52 o3
I-Layer-(ilass-Halls 127 428 632 91 1057 1060 1212 1292 GRK Aty 92 56 ™
2-Layers-ilass-Halls 127 4 631 R na 994 163 1186 9217 667 n 52 T3
3-Layers-Gilass-Halls 120 RS 529 R49 1028 953 104 1073 49 0K 118 47 656

Average-llum Ix)

XL T4 RN ALl 10:00 11:00 12:00 13:00 14:00 15:00 16:061 17:00 IR0 Average
No-Class-Halls 17 SR i 1311 1634 1540 1760 1672 1196 764 464 65 1006
I-Layer-Gilass-Halls 194 624 965 1350 1508 1473 1588 1677 1259 ®62 858 Rl 1me
2-Layers-Gilass-Halls (k2] 612 94l 1307 s 1354 1456 1526 1198 a5 s51 18 s
3-1ayers-Gilass-Halls 150 A0 731 1062 1286 1200 1311 1384 16 799 475 (] R0

Limformity

LR 700 R0 9:00 100060 11:00 12:00 13:00 14:00 15:00 16060 17:00 TR0 Average
No-Cilass-Halls 07 0706 11682 0633 [ 064t 0,736 070 17649 [T x4 [T 0
1-Layver-CGilass-Halle 654 ARG 0655 0682 0662 0720 0.765 0770 0785 10749 0.7 1689 n7n
2-Layers-Cilass-Halls 0656 0.660) 0672 0 6%2 0,742 0,734 [[RL 1] [ ek 0.76% 07 0713 0,669 0720
l-llm'-ﬁhmvlhﬂi (1.K00 1786 0.721 0.799 0,799 0,794 .83 0.775 1,760 0,761 0.712 (1683 0.76%
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Results with Glossy Gray Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-1-4, Analysis Result - Glossy - Gray - Spring
Manimum-Hummance(Ix)

Skylight without Glass Ball

field) T LAL 0 100 11:00 12:00 1300 14040 13:00 16060 17:00 1 5:000 -IM‘:LIE
No-(ilass-Halls 418 1433 24 473 4331 309 2674 33 2158 P08 587 [0 245
I-Layer-Uilass-Halls 430 1429 2260 PLEE ] anis 2356 2044 M2 1w (B} 1153 175 1826
2-1ayers-Cilass-Halls 413 1393 2111 312 3367 2393 2039 2K9K 2440 1523 13 173 1938
\-l.l!m-(ii.mm-lh“.\ 254 753 175 1659 1688 1654 19400 2413 2006 1370 10%3 16% 1339

M llumnance( by

(L] TN L] Rl oo 11:4K) 12:00 BRI 14:1H8 15:00 [RLT 1740 1500 Average
No-Cilass-Halls 2 iin 487 659 T3 TR 197 921 To4 4R 284 42 558
I-Layer.Glass-Balls o8 2% 4 740 %24 K37 037 1010 723 Aty 28K RE] 56t
2-Layers-Gilass- Halls 97 34 07 TI5 #RS 78S 910 93K 670 A6% 293 1 552
3-Layers-Gilass-Halls " 3n3 427 U5 X21 TR HEK Rl 619 431 268 7 515

Avierage:llumimance(1x)

LS TAM LA AL LA 11:00 12:00 13:0 14:00 15:00 1600 17:00 1 5:00 !\wrg_g
No-Cilass-Halls 148 403 760 13 1372 1326 1386 1454 YR 97 74 55 R56
I-Layer-Cilass-Halls 165 323 14 151 1356 1251 136 1392 973 [ 9 69 42
2-1ayers-(ilass-Halls Ik 521 Rus 11w 1275 145 1196 12 o6 hiv 443 i 1
%lah‘ﬁ-t lass-Halls 129 415 H27 a1 LLES 1017 1051 116 K51 5%6 34 hi e

Limili 4

M) R R 00 EaL Wy 11200 12:00 13.00 14:00 15:00 1600 17.00 1800 Average
Moedilass-Halls (LG L edl 587 578 0h2 (LR [LERE] 0wy 0 RO6 0760 0757 LA
I-Layer-Glass-Halls 0596 0627 067 0643 608 6649 07 0726 0743 076 nedl 64l 066l
2-lLayers-Gilass-Halls 1594 0603 0629 LX) 94 0688 0.761 0738 0723 072 a6l 067 0674
3-Layers-(ilass- Halls 0767 1.730 1681 0.764 1.753 077 0793 0.754 0.728 0736 681 0.h36 0.733
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Results with Glossy Black Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-1-6. Analysis Result - Glossy - Black - Spring

Skylight without Glass Ball

Maxinum-Illununance(1s)
6:d)0 700 Ao Q-0 10:00 1100 12:00 13.00 14:00 15:00 [LEL 17:00 I18:00  Average
No-Cilass-Balls Eb ) 1371 2136 3386 4114 2940 2483 2809 2067 R 533 L2 1928
I-Layer-Cilass-Halls A6 1542 2418 3155 A295 M 2324 291 3 It 1274 [} 7] 2K
2.1 ayers-Glass-Halls 444 1487 2265 647 624 26011 nn 60 2762 1805 1200 (L1 2124
3.1 ayers-Gilass-Halls 20 H3i5 175 1807 IRR1 1850 2178 273 2311 1626 1178 1RO 1503
M [lluminance(ls)
ikl 1M LR R 1000 [AELY 12:00 [EELY 14 15:00 v 1740 1K:00 Average
Now(ilass-Halls L 219 405 553 662 29 b 772 556 N2 il ] 35 471
I-Layer.Gilaws-Halls 127 428 732 9221 1057 1060 1212 1292 ORR (20 392 56 734
2-1avers-Gilass-Halls 127 A4 63 L] 12 9 1165 1186 n7 667 393 52 T3
31 I!’MM'BIH: 1260 ARS 59 Lt 1025 953 (L] 1073 49 i AR 47 56
Averngpe-1ll Ix)
5L REL RNl G4 10k 11:00 12:00 13080 14:00 15:00 (LR 17:00 I8:0d A“‘“ﬂﬁ
No-(ilass-Halls 131 47 667 1018 1235 1227 1434 1268 6 497 e 449 761
I -Layer-Gilass-Halls 194 624 D65 1350 159% 1473 1585 1677 1259 ®62 558 ®l 1m9
2.4 ayercCilass-Halls (L2 612 941 1307 1511 1354 1456 1526 1195 RA5 551 = Dy
3-1ayers-Glass-Balls 150 A 733 1062 1286 1200 1311 1384 s 09 475 [ 40
Umformity
L] T:00 Ll LY 1000 11:00 12:00 13.041 14000 15:00 16:00 17060 1500 a‘\“crm
No-(ilass-Halls 11 (59 nhiv i7 0543 530 594 aT4 [ 1L6Hs7 0768 0n72s n LI 2]
I-1ayer-Cilass-Halls (1546 (IR 1] 0 567 0603 0560 a2 0674 (1 AR2 0708 0666 1h.602 059 LI R
2l ayers-Gilass-Halls 0656 0660 0672 0 AR 0.742 0734 (R0 1] 07 768 0771 0713 669 0720
M(iiﬂs-ﬂdlﬂ {h KX 0786 0721 0. 799 0799 0.794 08534 n.77s 0. 76100 0761 0,712 683 0. 7649

30



3.2. Results in Summer

Results with Matte White Material

Skylight without Glass Ball

Skylight with One Layer

of Glass Balls

Skylight with Two Layers

of Glass Balls

Skylight with Three Layers
of Glass Balls

Numeric Data

Table 3-2-2. Analysis Result - Matte - White - Summer

I! k4

ey

Maximm-Wlimnance(lx)

[ 7.0 R0 49.00 [0 11:4K) 12:00 13 00 14:00 15:00 16,060 1700 18:00 Average
No-Cilass-Balls 1860 1936 3345 4582 5375 6676 12400 12631 S5174 368y 2354 587 n A668
L-bLayer-Cilass-Halls I KK IR1% 299 3503 am 3086 5527 Sl 4268 3155 2251 [ 77 2959
2-Layers-Cilnss-Balls 1908 1870 2770 3058 31R% am 4673 A1 3T 3033 20000 et LA 2637
3-Layers-Ciluss-Halls 1615 1399 2359 2661 2849 3057 A628 k6 3195 2662 1940 592 75 2392

Mi 1l In)

fr0) 700 Hi0 A 100 [IELT 12:00 1300 14: 0 15:00 L0 1 7.0 IR0 Average
No-(ilass-Balls 1292 1335 2126 2414 274 3o 559 4197 iR 3037 1841 152 5% 2419
I-Layer-Gilass- Balls 1329 1374 2201 2449 2005 2960 4671 4187 02 27RS 1694 455 58 2359
2-Layers-(ilass-Halls 1314 1311 2021 221 2619 2785 4310 3762 3238 2551 1568 413 55 2166
3-Layers-Gilass-Halls 1156 1188 1574 2116 2439 2633 4150 3533 2436 1943 1459 RIE 4% 1952

Avernge-11l Iy

000 T-00 800 4.0 AL 1100 12:00 13 (0 14:00 15:00 16000 170 18:00_ Average
No-Cilass-Balls 1495 1541 2487 2041 3423 4040 6918 5672 4123 3205 (] 49N (5] 2953
I-Layer-Cilasa-Halls 1482 152% 2452 2142 1L iMa 4983 4420 3814 2063 14K4 S0 [ 2858
2L ayers-tilass-Halls 1451 1440 2282 2524 2845 2950 4461 2 3427 210 1694 41 ol 2326
3-layers-Cilass-Halls 1279 1300 2019 2115 2612 2833 4327 3705 2861 2266 1617 434 55 212§

1

(K0 paL K:00 R [{LALT] 11:00 12:00 130 14:00 15:00 161 17:00) 18:00  Average
Mo-tilass-Halls . 564 11566 nKSS K21 INTE] 768 0731 0740 0928 (LT 029 DMK 0.933 0833
T-Layer-Cilass-Halls 1897 0499 0.K9% 0593 nn7 LK 0937 (1947 944 0940 0,499 0.896 0,902 0914
2-Layers-Gilass-Halls 1190 0o 0897 0475 021 0433 0,966 0,964 0,944 0941 0925 873 04RO 0919
3-Layers-(ilass-Balls 0.4 0914 0,925 0,923 0934 0.930 0.959 0953 051 XS 0902 0,564 10.K69 0.7
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Results with Matte Gray Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-2-1, Analysis Result - Matte - Gray - Summer
Masimum-uninance(lx)
[ F:00 00 900 1000 1100 1200 1300 1400 1500 1600 170 1800 Aversge

Skylight without Glass Ball

No-Cilass-Ralls £ &1 1710 2487 2750 25 1601 2612 1852 1274 Q00 88 iz 1651
1L ayer-Gilass-Halls 183 X2 1385 1545 1796 lo43 1774 I6i4 1402 14 RKT 3 34 1l
2-Layers-Glass-Halls RIK R23 1201 1577 1678 1534 1418 1352 1262 984 ™ m kL 1058
3-Layers-Gilass-Halls 26 R02 127 1251 1308 1378 1655 [[LE] 1134 W69 THR 304 41 s
1l e(lx)

L T LR EX [TELH) EL 12:00 13:000 14400 1 5:00 160K | 701 IR0 Average
No-Gilass-Halls ks n SRR f63 m R62 12 #21 TRE 656 435 171 17 SRS
1-Layer-Gilass-Halls m TR 03 66K RO7 K95 1030 K53 750 i85 421 120 16 577
2-layers-Gilass-Halls 360 s 58 657 743 TRE 1o K27 T4 559 A0l 126 17 549
3-Lavers-Gilass-Halls 390 411 672 763 L) 950 1107 Kig 749 589 440 133 17 6l

- = Avernge-1lumi 1x)

LELI] 7:00 200 AL 10 11:060 12:00 13:00 14:00 15:00 16:00 17:00 18:00 A‘Eﬂ‘_‘.
No-Cilass-Halls 516 30 R0 1074 1266 1351 1680 1247 1002 L1 k) 17 2} RS5
1-Layer-ilass-Halls 498 S0 13 941 o9z 1nm 1295 1077 M1 %7 559 171 22 758
21 ayers-Lilass-Halls s so7 T L o2 {21} LiR4 ol RIS T 537 Imn 12 T
3-Layers-(ilass-Ralls 50 521 LAk 942 1070 1145 1306 962 RIS 720 547 180 pi 739

U 4

[EL] Tk o Gl LR 11060 12:060 13:00 14:00 15:00 (LR 1 7.0 1K:00 !\\cm
No-{ilass-Halls 1 746 [ ]] LU uel? i Oais LUK 163K LIRS L% 0 0,754 766 07 o
1-layer-ilass-Halls 11762 0742 0729 0T 1739 0763 1T 0792 0.797 07373 0754 03 0727 0753
2-Layers-Gilass-Halls 0705 0,707 0,738 0730 0742 0,757 ), R60 0 H43 0,805 0787 0747 0730 0,784 0.764
.‘-IMHN -Halls 0764 0,788 0,828 0 RID L, H26 0,830 ).R4R 0872 [ ORIK ().R05 0,738 0.725 0808
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Results with Matte Black Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-2-3. Analysis Result - Maite - Black - Summer

Skylight without Glass Ball

Muximun- Tl {1n)
LA T:00 K i 1000 11:00 12:00 1300 14:00 15:00 1 () 1704y 1 R:00 Averuge
No-(ilass-Halls 534 652 1268 2085 2401 1951 1673 1395 1188 Rin 617 190 21 1139
I<Layer-Gilass-Halls M S84 [LL1A] 132 1277 1247 ikt Rl 2 (U] S 146 a5 3
2-Layers-Gilass-Balls (& 645 8o uin 9 028 R6Q 531 525 5% 51w a2 36 6%
3-ayers-Gilass-Halls 603 5T THE il R 957 K75 579 520 472 465 213 30 62
11l Ixy
K} 100 KoAK) SN} [ 11:00 12:00 13 (0 1406 15:00 160 170 IR0 Average
No-Cilass-Balls 197 0 07 In2 491 667 353 i 256 207 174 il L] 292
I-Layer-Giloss-Halls 2i0 220 34 4 579 629 560 33 305 240 159 X2 L] 24
2-Layers-ilass-Halls 225 215 ER] 425 s 582 524 359 294 228 157 73 n 3
3-Layers-Gilass-Halls 191 211 61 404 481 512 A6 an2 m 217 195 67 8 286
Average-[llumi 1x)
600 0 K00 ALY [[IHI] 11:00 12:00 13:00 1400 15:00 1 fei 17:00 IR0 Average
No-Cilass-Halls K5 ila 553 757 i 1166 w4 (211 467 353 202 {11} 13 531
I-Layer-Gilnss.Halls EEE] 33N 350 95 523 an3 756 473 428 353 i 1s 15 470
2 ayers-Lilass-Halls i1 W20 S5 EL] o8 TS oS 43 N L 297 e 1 47
3-Layers-Gilass-Halls L il4 492 57% fifid 720 HhS 427 359 0y 276 108 14 402

Ll formaty

[0 T:(H) Ry .00} T My 11:00 12:00 1300 1400 15:00 1600 17:00 1800 Average
No-Lilass-Halls 0691 (=] 0.555 AR [IETT] 0.572 11556 sl 10545 15K 11596 I [ 0.877
T-Layer-Cilasa-Halls n63l nas1 68T 0l 6RY n703 he97 074l 0706 0713 168D 58K 0.7 nais 0 ATT
2-Layers-Cilass-Halls 0677 0.672 642 0.709 0733 0761 0,788 0817 0798 0732 0629 0633 0.635 070
3-Layers-(ilass-Halls L6220 0673 0,733 .69 1,725 0711 0.746 0.707 .758 0.710 0706 0619 11,594 0.692
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Results with Glossy White Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-2-5. Analysis Result - Glossy - White - Summer

Skylight without Glass Ball

Maximum-Tummance(1x)
LELL 7:00 K00 .00 10:00 11:00 12:00 13:00 14:00 13:00 160K 17:00 18:00  Average
No-Gilass-Halls nya 1M RS 4636 4654 1956 4835 4TS 2524 1703 1187 421 SR 2867
I-Layer-ilass-Halls 2345 2m MM 3606 3375 2043 03 2697 2586 245 2158 Lo (11 2446
2-Layers-Gilass-Halls ni 2053 49 44 2055 2567 7 1953 2057 2102 1998 769 107 2143
i1 ilass-Halls 1221 117 ([0 1865 213 29 2513 &0y 2004 2107 1923 745 101 1658
Mumumum- llhminance(lx)
AL T KWl Rl Lk 110 [P (KR 4:4% 1 5:000 (R 170 181K Average
No-Gilass-Halls 606 625 DRR oo 1303 1587 228K 1668 1256 1030 04 207 27 1030
I -layer-Gilass-Ralls 6l 653 1041 1200 1452 151 1903 1527 1338 1027 05 16 28 [ix4]
2-layers-Gilass-Halls 654 590 939 1 1263 1391 1758 1358 1167 933 Lxid 209 29 930
3-Layers-Gilass-Halls 54 512 912 106% 1210 1303 1688 1204 1070 RRG al7 17% 23 R6T
Average-lluminance(lx)
6000 T:00 LA Rl k00 11100 12:00 13:00 1400 1 5:000 16060 17:00 1800 Average
No-Ciluss-Halls Rob 903 1467 1744 2039 27 397 2489 1575 7 K74 26 4 1481
I-Layer-Lilass-Halls 973 4% 1466 1662 1884 1942 2268 1821 1606 1290 w2 A% 42 1325
2-layers-Gilass-Halls 952 w92 1366 1540 [[53 1747 w28 1s50% 1351 165 G40 s 43 92
leﬂulvmls 722 727 1126 1206 1467 157§ | RH) 1371 1296 1118 42 273 36 1057
U ity
(B T:AK R ALY 100000 11:000 12:00 13.00 14:000 15:00 165060 17000 IR0 A
No-Cilass-Halls 0700 LUK UATR a6il LU 66T naT4 L] nm LIRS 1] 1.805 [IArg ] [{E3k] 072
I-l ayer-Gilass-Halls a7 0684 0710 0722 I 0778 R34 il H3% fhR33 0796 0T UL LK ] 0748
2-Layers-(ilass-Halls 0,687 0662 (L6RT 0.728 0.764 0.796 (L.E6K 1,903 (hH64 n.x0y 072 0663 0670 0.755
3-layers-Lilass-Halls 10.754 0,787 0x10 0§24 1825 0.%27 10,893 0578 0826 0.792 0,733 D455 0,657 0789
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Results with Glossy Gray Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeri¢ Data

Table 3-2-4, Analysis Result - Glossy - Gray - Summer
M mancel 1)

Skylight without Glass Ball

) T:00 00 .06 1000 11:00 12:00 (ERLT 14:00 15:00 16000 17:00 1800 J'\Vﬂ’l!r
No-Cilass-HBalls 2A7n2 2216 3569 4357 4377 asm 645 338K 2006 1429 1029 77 53 2476
I=Layer-Cilnss- Halls 2155 211 T AR R 2682 2485 2100 21m 2024 [ 154 ([12] 2100
2-Layers-(ilass-Halls 2116 1909 2930 2901 2696 2333 212 (L 1723 1791 1HDG 25 1 1916
3-Layers-Giluss-Halls 109 1017 1451 1690 1916 2032 2038 1530 1734 1785 1733 ol 94 1447

Mimmum-lumimance(ly)

[ L LR N T0:00 JIELI] 12:1M0 1300 Id:.'l‘:!ll 15:00 I v id} 17:1m 1800 J‘\mm
No-Cilass-Balls AR5 S04 792 K78 1038 1276 1489 1052 WK 743 534 162 (7] TH0
T-Layer-Glnss-Halls 499 s it PEK 1157 1222 1383 126 924 T34 523 178 22 Tou
2-Layers-(ilass-Halls 00 am 757 RO3 1027 1142 1265 w03 K3l 92 E111 165 2 ni
3-Layers-(ilass-Halls 429 468 752 K70 v7s 1062 1210 917 Th3 (] 469 146 19 671

Average-Uluminance(1x)

L TiX X ALt J{REE 1100 12:00 13:04 [ 400 15:00 16:00 17:000 15:00 A\'t'lgs
No-Cilass-Halls 72 763 1251 1497 1764 1996 2285 1632 1204 w6 73 25 29 1187
I-Layer-Cilass-Halls Kol K00 1237 1430 1590 1664 1736 1295 1172 9 Hos 276 a6 1064
2-Layers-Cilnss-Halls T Ted s (RILH 1405 [Eb. 1530 134 s W TH2 byl ih L
3.1 ayers-(ilass-Halls 6l Lk 6K 1110 1245 1331 1412 1047 B K34 676 236 3l 853

Unifommty

LY 700 R 9.0} 1000 11:00 12:0 1300 14000 15:00 16:00 17.00 (B J'\\‘I:I'EE
No-Cilass-Halls 11663 11 aii 11587 11559 0639 0652 0645 0754 DIRS 1074y w721 0760 AR
1-Layer-Cilass-Halls 0623 nei7? 0660 0691 0.72% 0.734 nm7 0z 1L.TRR 0741 .64 0645 nale 1 700
2-Layers-(ilass-Halls 0631 n.627 0644 1) 682 0731 0762 0527 0849 0nx12 0770 0.670 0. flrd [IXA 1 07
3-I.lzcrs-(ills;-lhlls 0703 0757 0,777 0.7%4 783 0.79% 0.857 0875 0h.808 0.753 0.693 [1E 100,608 0,755
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Results with Glossy Black Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-2-6. Analysis Result - Glossy - Black - Summer
N Thimance(1x)

Skylight without Glass Ball

s 3

6:00 700 R0 900 10:00 11:00 12:00 13.00 14:00 15:00 1600 17:00 1800 Average
No-Cilass-Balls 2067 21 ER L] 4203 4218 1129 321 1864 1756 1282 923 R 49 2126
1-Layer-Lilass-Halls 2063 20417 42 3291 2883 2507 2256 1577 1829 1787 (1 2 (0 19
2-Layers-(ilass-Halls 2018 1817 2787 2751 2524 2154 1883 1341 1537 1519 1666 648 96 1757
3-Layers-Gilass-Halls 1030 pall 1321 1532 1742 1847 1696 1268 1474 450 1598 67l 91 1284

M Ilummance(ls )

[ 70 X0 S0 [0 [TET) 1240 1300 14100 1540 [ 17:00 18:00 _ Average
No-Cilass-Halls [ 42 667 716 (7] 1ns6 961 619 671 7 4 [EE] [ s82
I-Layer-Cilass-Halls 410 42 693 RIR M) 1084 1259 T26 672 540 40 149 I8 612
2-Layers-Gilass-Balle 17 A 637 752 Réd) 950 0 6H4 622 514 407 135 1% 567
3-Layers-(ilass-Halls 336 3493 628 732 823 RE6 892 650 571 451 kbl 124 16 531

Average-(Il Ix)

&40 700 RN R 10- 11:00 12:00 (X 14:00 15:00 1606 17:00 1R:00 Average
No-Cilass-Halls 638 673 2 1351 1575 1695 1496 9491 951 776 606 199 25 910
1-Layer-(ilass-Halls 708 7 1 1278 1414 1515 1601 939 905 776 683 M5 32 N6
2-ayersilass-Halls T 683 144 Lo 1240 1319 1239 K47 L0 718 o 41 32 K22
3.1 ayers-(ilass-Halls 543 $46 R48 977 1099 1165 1093 787 739 617 6% 212 27 709

Limfomuity

[ 7060 LELL G000 o000 11:00 12:00 13000 14:00 1500 1600 17:400 1R:00  Average
No-Cilass-Balls 0633 0626 .64H) 0545 1554 0623 =T 628 0706 0,743 0,700 a7 077 0645
1-Layer-Cilass-Halls 0579 0,597 0624 0656 0.700 0716 0,786 0773 0743 0697 0599 0607 0.572 0 666
2L ayers-(ilass-Halls 0593 0598 0610 0 6ty (1694 07 0715 .x0% 0.769 076 0,630 1.560 0569 0669
3L ayers-(ilass-Balls L.655 0,719 0.741 0,749 0L.751 0760 0816 0826 0.772 0.730 10,664 0,586 0,567 0.71%
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3.3. Results in Winter

Results with Matte White Material

Skylight without Glass Ball

Skylight with One Layer
of Glass Balls

Skylight with Two Layers
of Glass Balls

Skylight with Three Layers
of Glass Balls

Numeric Data

Table 3-3-2, Analysis Result - Matte - White - Winter

)

Masam-1

[0 700 Rl .00 10:00 1104 12:00 13000 1400 1 5:00 1000 17.00) TR0 Average
No-Cilass- Balls v 2 1151 1950 2236 2269 2209 2005 LEb] 494 3 1255
F-layver-Gilass-Halls 5 A58 1146 14 2187 2188 20649 1881 X3S 54 I 1212
2-Layers-(ilass-Halls 95 ARK 1242 2170 2237 2011 1949 1918 w3 Gl Al 1251
3-Layers-(iliuss- Halls W 326 212 1622 1916 1879 1851 1946 ®a7 56wl 52 1R

Minimum-1limi In)

[EL1) L Ko LAY | [IRCT) 11:4000 12:00 13100 14:00 1 5:000 (R 1718 (ERUL Average
NoGilans- Halls M 281 713 1203 1615 1915 1916 1560 [£12] 65 bl 20
I-bayer-Cilass-Balls el 315 To0 1342 1654 1840 1746 1482 599 ELE] m 027
2.)ayers-{ilass-Halls i} 7 40 1259 1549 1753 1704 150 Ah2 n 27 LS
1. Layers-Gilass-Halls 1 228 il 1138 1500 163 1588 1371 S i 25 L1k

Averuge-11l {In)

LELH gLl LR 904} 10y [AELL 12:00 13:00 1400 15:00 16000 17:00 1K) Average
Mo-Cilass-Halls 54 ESA) 47 1467 IK38 2072 077 1741 677 402 32 1050
I-Layer-Cilass-Balls 55 351 RY3 1472 1784 1958 I1%K7 1616 (L) 433 32 [[UK]
2-Layers-tilass-Halls 54 ERA} R5K 1453 1725 1827 178 1398 45 426 31 9w
3-Layers-(Gilass-Halls 54 268 f95 1243 1610 1721 1664 1485 SRE 3ox 2% RR7

! y

Ll L ALY R (LELL (RELY 12:400 13:00 14006 1 5:400 161K 171} 18:00  Average
No-Gilass-Halls 043 [ETE) 0842 0520 Wy 0924 022 1R 0892 o 924 841
I-Layer-(ilass-Halls 431 (LR R84 0912 027 0840 0926 097 0.R90 884 0913 0,866
2-1ayers-Gilass-Halls n42% K62 E6Y 0867 w27 0959 0955 0939 07l DRTH 0.%94 0858
3-Layers-Gilass-Halls 0429 K51 0505 1,916 0437 0955 1.954 024 1.852 0851 (LRKD LR
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Results with Matte Gray Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-3-1. Analysis Result - Matte - Gray - Winter
Masimum-Tlummoance(lx)
600 7.00 %00 900 1000 1100 1200 1300 1400 1500 1600 17001800 Aversge

Skylight without Glass Ball

No-Cilass-Ralls 58 210 529 £12 K0 675 (CE) 744 390 24 17 467
I L aver-lilass-Halls 5% 198 450 EE T62 a7l (15 (0] 30 259 9 as0
2-]ayers-Glass-Halls 5% 227 634 993 R 63l 519 773 46 34 2 513
3-Layers-Gilass-Halls 58 174 453 TS 676 96 545 64 437 2 0 427
Mi il 1)

il 100 LAl LAl | [ERL1 1140 12:00 [ERLL 14:00 15:000 (LRLY 17:00 18:06  Average
No-{ilass-Ralls L] mn2 17 336 EL 427 428 405 186 120 I 41
I -1 ayer-Cilass-Halls 14 ({1 252 IR2 401 438 426 407 196 127 1] 251
2. ayers-Gilass-Halls 13 1 254 344 W 431 407 A5 %9 131 {1} 244
3-Layers-Cilass-Halls 13 79 210 307 367 A9 394 IR 168 Lk 9 222

Average-[il I

600 T:00 AL RAL [0 11:00 12:00 13000 14:000 15:00 160 17:00 1800 Average
No-Cilass-Halls 1 128 308 463 502 505 503 494 236 143 12 302
1-Layer-Gilass-Halls 1 133 5 AR5 S 519 497 501 263 167 13 33
2-) avere-dilass-Hally 1] (B[] LEL 4491 4 4%6 468 %5 20 m 13 LU
-1 ayers-(ilass- Halls i 1w 262 W95 442 468 446 462 232 151 12 274

L formity

(L] 70K (3] 9000 104K 114K 1240 13.060 14:00 15:00 16.00 17.00 IR00  Average
No-Cilass-Halls 0413 0796 0169 0726 0.7 0545 0.KS0 TFIL 0790 0N37 1 846 0,770
11 ayer-ilass-Halle 04n 0,795 0778 0787 0800 0844 0856 12 0.744 0762 11 K06 0,763
2.1 ayers-Gilass-Halls 040K 0744 0.757 0 7000 (1804 0RR7 0,869 0838 0711 0.767 10,785 0,752
3-)ayers-Cilass-Halls 0.410 0.725 0.803% 0777 (1430 0873 0.483 0522 0.723 0.701 0.759 0.755

38



Results with Matte Black Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-3-3. Analysis Result - Matte - Black - Winter

Skylight without Glass Ball

Maximum-11k 1x)

600 T.00 500 9:00 1000 11:00 12:00 1300 14:00 15:00 1600 17:00 18:00  Average
No-Cilass-Halls 23 e 96 418 419 36 3o 433 259 1449 L 253
I-Layer-Cilass-Halls 13 (811} mn 422 Ny 135 286 77 244 157 12 239
2-Layers-Cilons-Halls bk} 149 L Rd] 35 S06 337 306 06 £V 211 16 11
A-layers( luss-Halls 23 129 325 459 e 312 24 434 302 180 4 258

M 1 I}

[ 700 XN 910 110:0M) 1100 12401 [ERTT] 14:00) 15:00 161K 17:00 1800 Average
No-(ilass-Halls [ 7 100 118 120 119 s 130 7 52 ] 81
1-Layer-Cilass-Halls 0 Aan i 145 137 138 125 146 Lit 57 5 21
2-Layers-(ilass-Halls [ 43 {[3 124 1736 162 143 184 7 57 5 W
3-Layers-CGilass -Halls 6 v 100 L] 133 143 140 129 79 47 1 RS

Avernge-T11 e Ix)

[ T:0K) RO AN} [0 11:00 12:00 1300 14:00 15:00 16:00 17:00 1X:00  Average
No-Cilass-Balls 13 (5] 143 19 188 182 171 206 120 T 6 123
1-layer-Cilass-Halls 13 ) 161 215 2n 2 187 2% 144 R7 7 139
2-Layers-Liloss-Halls I3 7 175 236 227 2 14 252 149 W ] (£}
3-Layers-Gilass-Halls 13 65 149 199 149 144 181 216 129 K3 7 131

Limiformity

.0 7001 R0 900 10200 (1K) 12:00 13.00 14:00 15:00 16:00 1700 1H:00  Average

No-Gilass-Halls 0458 0.742 [ 067 1637 (Lh55 11689 033 11639 0.5 0.725 0,654
T-Layer-Lilass-Halls 0443 1665 (L68T NA73 649 0677 0670 0.640 0614 0.647 .687 0641
0439 0.591 0615 0526 11599 0,761 0.736 0.731 0,586 [ 0,658 0.623

3-Layers-Gilass-Halls 445 603 L672 {1,594 {1664 0,736 0,772 (.59% (608 1.567 10.640 0.628
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Results with Glossy White Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-3-5. Analysis Result - Glossy - White - Winter
Maxinim - hianmance(1s)

Skylight without Glass Ball

600 700 £:00 9.00 10:00 11:00 12:00 13.00 14:00 15:00 16:00 174000 1800 Average
No-Gilass-Halls 56 526 1283 1624 1297 L9 913 [ 486 ERY) 0 TRE
I-Layer-Gilass-Halls st sl 1290 1625 1347 i 15 1300 912 667 56 N
2-Layers-CGilass-Balls 56 546 1399 1958 1508 1077 952 1423 1089 739 56 982
31 gm-(iluu-ﬂlll: 6 S0 1290 1625 1347 7 1005 (L] 912 67 56 sl

Minimume llluminance(lx)

il T:1H R N1 ([RL0 (LELY 12000 13040 (RELL 15:00 [LELI | 7:401 IR0 Average
NowLilnss-Halls 9 141 EEL] 485 &85 6l 627 5T 262 168 14 44
| -Layer-Cilasa-Halls 2 162 402 562 9 M5 595 584 2R3 IR6 15 6K
2-Layers-(ilass-Halls 2 160 b $56 S84 6158 547 563 174 192 15 156
3. Layers-Gilass-Halls 2 [Ni] 302 461 54 570 336 525 231 154 12 Il4

Avernge-lluminance(lx)

LB T8 Ll LELY 10060 1100 12:00 LEELL 14:00 15:060 (LR 1 7:06) IR0 Average
No-(ilass-Halls L1 ] 44 L] 726 m T 93 3 2 17 438
1-layer-Gilass-Halls 1] br L] s 751 75 m Ti6 5 401 269 2 476
2-1ayers-Lilass-Halls 15 230 551 s 747 T4 ) 29 ey 215 21 470
3-Lavers-Cilass-Halls £ ] 225 543 751 759 771 Ti6 745 il 20 X 476

Umfommty

(L T:4K1 LR N LLEL 11:060 12:00 13:080 14000 15:00 160 1740 18:00 A\tnE
No-Lilass-Halls 564 102 LU 0o 765 R3S LR 2] 0524 1788 (L1 0 R 78l
1 ayer-ilass-Halls (1603 0.720 (1.740 0749 0782 0837 [T 0783 0708 06490 01 689 0,739
2.1 ayers-Gilass-Halls LKL 0697 {8e(11] 0700 0372 x62 0833 0,773 675 0697 079 0726
3-)ayers-Gilass-Halls 0610 0,727 0,775 0802 0.5427 0863 848 0.7%7 673 0,633 1.f6) 0.74%
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Results with Glossy Gray Material

Skylight with One Layer
of Glass Balls

Skylight with Two Layers Skylight with Three Layers
of Glass Balls of Glass Balls

Numeric Data

Table 3-3-4. Analysis Result - Glossy - Gray - Winter
Moxamum-Ilwmumee( Iy
(M) T R:00 () 10:00 11:00 12:00 1300 14:00 15:00 1600 17:00 18:00  Average

Skylight without Glass Ball

MNo-(ilans-Balls 58 {12 442 072 750 724 640 (0] 375 230 17 434
I=Layer-Gilass-Halls b I s 6h2l 65% LS L (LIE] 742 Lp(] Fib) (1] 42
2-Layers-Giliss-Ralls b1 1% 438 (k] TA% HS1 562 K5 389 245 I8 49
3-]ayers-Gilass-Halls 5K 157 453 617 686 590 532 658 385 216 15 EL)
M m P

[ A0 KN 00 10:00) 11:00 12:0 1300 14:00 1 5:000 16 ) 17:00 1K Average
No-Cilass-Halls 13 8 198 297 357 A3 407 374 172 104} 9 219
I-Layer-Gilass-Halls 14 K4 07 in 59 R0 76 336 155 9 R 212
2-Layers-Cilass-Balls 13 K5 rr | i 380 97 it 365 1649 {[1H] b 2
3-Layers-Cilass-Halls 13 Ll 197 310 346 352 334 30 157 97 7 203

Avernge-lmmmance Ix)

.00 700 A6 AL 1000 1100 12:00 1304} [EELY 1 5:00 1600 17:00 1800 Average
No-Cilass-Halls n 1o 73 423 490 515 AR4 465 219 133 1 287
l-Layer-Cilass-Halls i3 07 259 3 439 A6 441 A56 223 143 11 210
2-Layers-Uilass-Halls 33 (L3 290 413 471 458 434 463 229 147 ] 281
F-Lavers-Gilnss-Balls 32 7 259 393 439 426 399 418 204 133 10 256

u

[ T:00 LR AL 10000 11:0%) 12:00 1300 14:00 15:00 (LR 1704 1R00  Average
No-Gilass-Halls n4in 0751 0.724 0702 02y 0,752 1840 [T 0784 0751 0,794 0734
I-Layer-Cilass-Halls n4i4 754 nT 0789 7 LRIR f.852 0737 0695 0691 0,708 0737
2-Layers-(ilass-Halls 0407 0.2y (] 0742 0807 0RA6T L] 0784 0738 0.734 0.727 0.742
3-Layers-(ilass-Halls 0410 1,753 11,754 0. 784 0,789 0,826 0,537 0514 0,770 0725 0713 0.744
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Results with Glossy Black Material

Skylight without Glass Ball

Skylight with One Layer

of Glass Balls

Skylight with Three Layers

Skylight with Two Layers
of Glass Balls

of Glass Balls

Numeric Data

Table 3-3-6. Analysis Result - Glossy - Black - Winter

M-I Ix}

L] 100 K00 9.0 106} [IELL 1.2:00 13:00 14:00 15:00 (LR 1 7:00 1800 Average
Ne-Gilass-Balls 51 448 17 1270 Toog K46 701 724 404 157 25 619
I-Layer-Gilass-Halls 52 432 1064 1266 uR2 1 138 1005 T 514 50 3
2-Layers-Gilass-Halls 5 465 1168 1459 1164 790 Ti4 1129 956 637 0 TR
1-Layers-(ilass-Halls 48 236 459 676 602 639 675 1024 Ki6 58K 48 533

M Ul Ix)

fri) TN K00 [ 1000 114K 12:00 13,080 14:00 1 5:00 1h1K 1 7:00 K00 Average
NovGlass-Halls 16 o 201 2R3 3R 93 450 341 168 108 a9 26
1-1ayer-Gilass-Halls 17 L. 215 308 L¥L) 327 51 121 177 109 9 204
2-Layers-(ilass-Halls 17 RS ol 246 K7 35 306 05 161 107 9 %6
3-Lavers-(ilass-Halls 6 ™ 189 244 275 293 264 247 147 92 L] 169

Average-ll "

LELT T LAl ALl 1000 (AR 12:00 1300} 14:00 15:00 16:00 1700 1800 Average
No-Cilass-Halls w0 127 i A28 434 501 260 462 40 148 13 297
1-Laver-Glass-Halls 0 150 4N 460 A6l 445 454 479 286 (L] 16 301
2-1 ayers-Gilass-Halls 0 153 152 445 an 413 Wi 451 pLE] 146 16 %7
3.1 avers-Gilass-Halls R 116 265 165 376 ATl 151 192 243 162 4 244

u

BN 7:00 00 G441 1000 114K 12:00 13 000 14:00 15:00 1600 17:060 1800 Average
Nowdilass-Halls 1521 065K 1.6:42 0662 0,733 0784 [ 0738 0700 0730 0739 0.701
11 ayer-Gilass-Halls 01.549 601 0618 0670 702 0735 0.773 01 669 0620 01.592 0592 0647
2-layersCilass-Halls 03553 0.557 0.577 0553 (LY 0.764 0Tl 0673 0568 1575 0575 0621
3-1ayers-Gilass-Halls 01.555% ART 0712 0668 1.731 0,789 0,752 n631 () ks 0.566 0,600 0663
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4. Discussion

4.1 Difference for Each Skylight

The larger the amount of glass balls spread in the skylight, the more there is a loss of light and
there is a lower maximum illuminance and a lower average illuminance. However, there is no
much difference in minimum illuminance between the 4 types of skylights. Moreover, the larger
the amount of glass balls that are spread in the skylight, the more uniformly the space below is

illuminated.

4.2 Difference for Each Measurement Date

The differences of lighting performances in the summer are most remarkable in all of the
measurement dates. Alternatively, the differences of lighting performances in winter are least

remarkable in all of the measurement dates.

4.3 Difference for Each Interior Material

The higher the value of color of the wall material, the higher the average illuminance and
uniformity because the light diffused by the skylight spreads evenly. Moreover, the difference in
lighting performance (average illuminance and uniformity) due to value of color with matte
material is larger than that with glossy materials. The case where the lighting performance was
the highest was the case using white matte material. The case where the lighting performance was

the lowest was the case using black matte material.
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4.4 Evaluation Based on JIS

Table 4-1 shows basic lighting requirements of indoor space in JIS.

Table 4-1. JIS Illuminance Standards
Basic Lighting Requirements (Interior)

Quoted from JIS Z 9110: 2010 [16]

Maintaining [Nlluminance

Type of Area, Work, or Activity [lluminance(lx) Uniformity
Very Coarse Visual Work, Short Visit, Warehouse 100 -
Places not to be Used Continuously for Work 150 —
Coarse Visual Work, Continuously Working Room 200 =
Somewhat Coarse Visual Work 300 0.7
Ordinary Visual Work 500 0.7
Somewhat Precise Visual Work 750 0.7
Precise Visual Work 1000 0.7
Very Precise Visual Work 1500 0.7
Ultra-Precision Visual Work 2000 0.7

In many cases, according to JIS Illuminance Standards, it is recommended that the uniformity of
indoor space is 0.7 or more. Table 4-2 shows combinations with a degree of uniformity of 0.7 or

more from 9 a.m. to 3 p.m. at each measurement date.

Table 4-2. Combinations that Meets Prescribed Degree of Uniformity

White

Gray

Black

Spring : March 20

Matte

No-Glass-Balls
1-Layer-of-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls

2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls

Glossy

3-Layers-of-Glass-Balls

3-Layers-of-Glass-Balls

3-Layers-of-Glass-Balls

Summer : June 22

Matte

1-Laver-of-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls

1-Layer-of-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls

2-Layers-of-Glass-Balls

Glossy

1-Layer-of-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls

3-Layers-of-Glass-Balls

3-Layers-of-Glass-Balls

Winter : December 21

Matte

No-Glass-Balls
1-Layer-of-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls

No-Glass-Balls
1-Layer-of-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls

Glossy

No-Glass-Balls

No-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls
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Next, usefulness of the skylights in commercial spaces and public spaces is considered. Table 4-3

shows lighting requirements whose uniformity is required of commercial spaces and public

spaces in JIS.

Table 4-3. JIS Illuminance Standards Quoted from JIS Z 9110: 2010 [16]
Commercial Facilities (Goods Dealers)
Maintaining [luminance
Type of Area, Work, or Activity [lluminance(lx) Uniformity
Common Items to  Register 750 0.7
Shops Packing Table 750 0.7
Commercial Facilities (Food and Drink. Cinemas and other Entertainments)
Maintaining [lluminance
Type of Area, Work, or Activity [luminance(lx) Uniformity
Dining Room, _Register 300 0.7
Restaurant, Light  Account Room 500 0.7
Dining Restaurant  Cloak Counter 500 0.7
Entertainment Register 300 0.7
Restaurant Account Room 500 0.7
Cloak Counter 500 0.7
Clnems andolier  quouoiie 500 0.7
Entertainment
Museum, Public Hall and Theater
Maintaining Hluminance
Type of Area, Work, or Activity [Hluminance(lx) Uniformity
Theater, Conoert .y oe oyifice 500 0.7
Hall
Hotel
Maintaining Illuminance
Type of Area, Work, or Activity Illuminance(lx) Uniformity
Hotel Reception 750 0.7
Account Room 750 0.7
Cloak Counter 500 0.7

Based on a classification of illuminance in JIS, in a case of maintaining an illuminance of 5001x,

it is necessary to ensure an illuminance of at least 300 Ix or more in the entire space [16]. Table

4-4 shows combinations having a minimum illuminance of 300 Ix or more and an average

illuminance of 500 Ix or more at every measurement time from 9 a.m. to 3 p.m. among Table 4-2.
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Table 4-4. Combinations that Meets Prescribed Degree of Uniformity and Illuminance(5001x)

White Gray Black
Spring : March 20 Matte No-Glass-Balls 2-Layers-of-Glass-Balls
1-Layer-of-Glass-Balls 3-Layers-of-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls
Glossy 3-Layers-of-Glass-Balls 3-Layers-of-Glass-Balls 3-Layers-of-Glass-Balls
Summer : June 22 Matte 1-Layer-of-Glass-Balls 1-Layer-of-Glass-Balls
2-Layers-of-Glass-Balls 2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls 3-Layers-of-Glass-Balls
Glossy 1-Layer-of-Glass-Balls 3-Layers-of-Glass-Balls 3-Layers-of-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls
Winter ; December 21 Matte
Glossy

From the above results, it was found that, in spaces where the maintaining illuminance is 5001x,

the following combinations can secure desirable lighting performance with only natural lighting

during the daytime, except for winter.

Matte-White Matte-Gray Matte-Black
1-Layer-of-Glass-Balls 2-Layers-of-Glass-Balls
2-Layers-of-Glass-Balls 3-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls

Glossy-White Glossy-Gray Glossy-Black

3-Layers-of-Glass-Balls

3-Layers-of-Glass-Balls

3-Layers-of-Glass-Balls

Similarly, a Similarly, a case where maintaining an illuminance of 750 Ix is considered. In this

case, it is necessary to ensure illuminance of at least 500 Ix or more in the entire space [16].

Table 4-5 shows combinations having minimum illuminance of 500 Ix or more and an average

illuminance of 750 Ix or more at every measurement time from 9 a.m. to 3 p.m. among Table 4-2.
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Table 4-5. Combinations that Meets Prescribed Degree of Uniformity and Illuminance(7501x)

White

Gray Black

No-Glass-Balls
1-Layer-of-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls

3-Layers-of-Glass-Balls

1-Layer-of-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls

1-Layer-of-Glass-Balls

I-Layer-of-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls

3-Layers-of-Glass-Balls

Spring : March 20 Matte
Glossy

Summer : June 22 Matte
Glossy

Winter : December 21 Matte
Glossy

From the above results, it was found that, in spaces whose maintaining illuminance is 7501x, the

following combinations can secure desirable lighting performance with the use of only natural

lighting during the daytime, except for winter.

Matte-White

Matte-Gray

Matte-Black

1-Layer-of-Glass-Balls
2-Layers-of-Glass-Balls
3-Layers-of-Glass-Balls

Glossy-White

Glossy-Gray

Glossy-Black

3-Layers-of-Glass-Balls
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5. Conclusions

5.1 Conclusion of Analysis Results

In this study, it was found that it is better to use a material with high value of color as an interior
material in order to bring about a higher illuminance and a higher uniformity using a skylight
with glass balls. Moreover, it was found that when you need to use an interior material with a low
value of color for design reasons, by using glossy materials, it is possible to suppress the

deterioration of the daylighting efficiency of a skylight with glass balls.

5.2 Conclusion of Analysis Method

In the lighting analysis of this research, a method different from common methods was used. In
this research, due to time constraints and the performance of the computer used for the analysis,
the analysis conditions (Setting of Global Illumination, Caustics and Photon Mapping) had to be
simplified, and only simple flat skylights could be analyzed. However, a big achievement of this
research was that an analysis of the lighting effect by refraction and diffusion of light through
refracting materials was made possible by computer lighting analysis using photon mapping. In
the future, it is expected that by improving the performance of computers, it will become possible
to verify the lighting performance of more complicated skylights using refractive materials, and

that lighting analysis will be able to be performed on more realistic analysis conditions.

5.3 About Works of This Research

In this research, to express the research contents realistically, the following 3 types of partial

physical models were made.
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® A Skylight without Glass Balls
® A Skylight with One Layer of Glass Balls

® A Skylight with Two Layers of Glass Balls

[t is ideal that a pure glass is used for a material of the skylight, the same as the analysis model.
However, it was impossible to make the structure to withstand the weight of glass balls using
pure glass. In fact, it is common to use laminated glass for skylight [6]. Nevertheless, it is
difficult for a layman to make skylights using laminated glass. Therefore, acrylic glass was used
for the skylights in these works. In addition, due to time constraints, it was impossible to verify
whether an acrylic glass can withstand the weight of three layers of glass balls, so creating a
skylight with three layers of glass balls was shelved in this research. About a sash of the skylight,
it is ideal that aluminum is used. However, these works have a structure as shown in from Figure
8-A-1 to Figure 8-A-3 using plywood to make them easy for a layman to make.

The actual works are shown in Figure 8-B-1 to Figure 8-B-3.
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Figure 8-B-1. A Skylight without Glass Balls Figure 8-B-2. A Skylight with One Layer of Glass
Balls

Figure 8-B-3. A Skylight with Two Layers of Glass
Balls

In addition, these skylights were installed above a box-shaped physical model. The external
dimensions of the physical model are: length 24 cm, width 24 cm, and height 24 cm. Moreover,
these models were installed in the outdoors, and how sunlight entered these models was observed.
Figure 8-C-1 to Figure 8-C-3 shows the results.

Photographing Time and Date: December 26, 2017 at 1 p.m.
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Figure 8-C-2. A Skylight with One Layer of Glass
Balls

Figure 8-C-3. A Skylight with Two Layers of Glass
Balls

“A Skylight without Glass Balls” made sharp shadows. “A Skylight with One Layer of Glass Balls™
took soft light into the space by refracting sunlight to some extent. “A Skylight with Two Layers of
Glass Balls” made light patterns by complex refractions of sunlight. This was something that could
not be found by computational analysis. and it was a great accomplishment that we could discover
this with the physical models. We discovered that the skylight using glass balls not only raises the
uniformity of light in the space, but it also introduces an interesting design element into the space
due to the lighting effects. This is believed to lead to widening the range of environment-conscious
buildings that combine better environmental performance and better design.

In addition, these models were installed in the indoors and an artificial spotlight was irradiated to

the skylights. See Figure 8-D-1 to Figure 8-D-3.
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Figure 8-D-2. A Skylight with One Layer of Glass
Balls

Figure 8-D-3. A Skylight with Two Layvers of Glass
Balls

“A Skylight without Glass Balls™ made sharp shadows, the same as by sunlight. “A Skylight with
One Layer of Glass Balls” made light patterns by complex refractions of light. “A Skylight with
Two Layers of Glass Balls” made light patterns by more complex refractions than “A Skylight with
One Layer of Glass Balls™. This could also be applicable to the design of lighting fixtures that
provide interesting lighting effects while illuminating the space more evenly.

In this research, it was a great result that the lighting performance of skylights using glass balls
could be analyzed by computer simulation. However, in addition to that, it can be said that it was
also a great achievement of this research to discover things, through the use of physical models,
that could not be understood by computer analysis alone. Based on this research, in the future it is

expected that skylights that combine better design with better lighting performance will be created.
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8. Appendices

8.1 Images of Results

In this section, images of perspectives and illuminance distributions from 6 a.m. to 6 p.m. on each

measurement date are shown. The analysis data with each skylight were shown in the following

format.
6 a.m. 7 a.m.
Realistic . Realistic .
[1luminance [lluminance
Rendered e Rendered .o
Distribution Distribution
Image Image
8 a.m. 9 a.m.
Realistic . Realistic .
Illuminance [[luminance
Rendered e 8 Rendered T
Distribution Distribution
Image Image
10 a.m. 11 a.m.
Realistic ] Realistic .
[lluminance [lluminance
Rendered e Rendered I
Distribution Distribution
Image Image
Noon 1 p.m.
Realistic , Realistic .
[lluminance [lluminance
Rendered i Rendered e
Distribution Distribution
Image Image
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2 p.m. 3 p.m
Realistic . Realistic y
Illuminance lluminance
Rendered - Rendered B BSLUL s
Distribution Distribution
Image Image
4 p.m. 5 p.m.
Realistic ) Realistic .
Illuminance Illuminance
Rendered itk o Rendered e
Distribution Distribution
Image Image
6 p.m
Realistic i
[lluminance
Rendered o o)
Distribution
Image
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A Skylight without Glass Balls - Matte - White — Spring
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A Skylight with One Layer of Glass Balls - Matte - White — Spring
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A Skylight with Two Layers of Glass Balls - Matte - White — Spring
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A Skylight with Three Layers of Glass Balls - Matte - White — Spring
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A Skylight without Glass Balls - Matte - Gray — Spring
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A Skylight with One Layer of Glass Balls - Matte - Gray — Spring
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A Skylight with Two Layers of Glass Balls - Matte - Gray — Spring
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A Skylight with Three Layers of Glass Balls - Matte - Gray — Spring
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A Skylight without Glass Balls - Matte - Black — Spring
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A Skylight with One Layer of Glass Balls - Matte - Black — Spring
6 a.m.
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A Skylight with Two Layers of Glass Balls - Matte - Black — Spring

6 a.m. 7 a.m.

8 a.m. 9 a.m.
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A Skylight with Three Layers of Glass Balls - Matte - Black — Spring
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A Skylight without Glass Balls - Glossy - White — Spring
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A Skylight with One Layer of Glass Balls - Glossy - White — Spring
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A Skylight with Two Layers of Glass Balls - Glossy - White — Spring
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A Skylight with Three Layers of Glass Balls - Glossy - White — Spring
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A Skylight without Glass Balls - Glossy - Gray — Spring
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A Skylight with One Layer of Glass Balls - Glossy - Gray — Spring
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A Skylight with Two Layers of Glass Balls - Glossy - Gray — Spring
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A Skylight without Glass Balls - Glossy - Black — Spring
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A Skylight with One Layer of Glass Balls - Glossy - Black — Spring

6 a.m.
8 a.m.

10 a.m. Il a.m.

Noon

da.m.

a.

.\O .ﬁ-l

103



3 p.m.

5 p.m.

104



A Skylight with Two Layers of Glass Balls - Glossy - Black — Spring
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A Skylight with Three Layers of Glass Balls - Glossy - Black — Spring
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A Skylight without Glass Balls - Matte - White — Summer

6 a.m. 7 a.m.

10 a.m. 11 am.

Noon

109



2 p.m. 3 p.m.

6 p.m.

110



A Skylight with One Layer of Glass Balls - Matte - White — Summer
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A Skylight with Two Layers of Glass Balls - Matte - White — Summer
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A Skylight with Three Layers of Glass Balls - Matte - White — Summer

7 a.m.

6 a.m.

115



2 p.m.

4 p.m. 5 p.m.

116



A Skylight without Glass Balls - Matte - Gray — Summer
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A Skylight with One Layer of Glass Balls - Matte - Gray — Summer
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A Skylight with Two Layers of Glass Balls - Matte - Gray — Summer
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A Skylight with Three Layers of Glass Balls - Matte - Gray — Summer
6 a.m.
8 a.m.

10 a.m. Il am.

Noon I p.m.

7 a.m.

a.m.

.\D .

123



2 p.m. 3 p.m.

4 p.m. 5 p.m.

6 p.m.

124



A Skylight without Glass Balls - Matte - Black — Summer
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A Skylight with One Layer of Glass Balls - Matte - Black — Summer
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A Skylight with Two Layers of Glass Balls - Matte - Black — Summer
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8.2 Numeric Data of Results

A Skylight without Glass Balls - Matte - White — Spring
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A Skylight with One Layer of Glass Balls - Matte - White — Spring
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A Skylight with Two Layers of Glass Balls - Matte - White — Spring
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A Skylight with Three Layers of Glass Balls - Matte - Whi
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A Skylight without Glass Balls - Matte - Gray — Spring
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A Skylight without Glass Balls - Matte - Black — Spring
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A Skylight with Two Layers of Glass Balls - Matte - Black — Spring
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A Skylight without Glass Balls - Glossy - White — Spring
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A Skylight with One Layer of Glass Balls - Glossy - White — Spring
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A Skylight with Two Layers of Glass Balls - Glossy - White — Spring
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A Skylight with One Layer of Glass Balls - Glossy - Black — Summer
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A Skylight with One Layer of Glass Balls - Matte - White — Winter

‘.IIIII SECSOSREERSISIASRARRR ESCACER-ACENSIRSFRSSSCUDCRESRCNSINCEEERRESNONOIREER nuHanHu"ﬂﬂhﬂﬁwlwfnﬂﬁﬂnﬂnﬂlnﬂnnhnr”uﬂ

R T I L T T T LTt T T T R HE PR R R A L EE R AL LR EER R EE A ELELEEL ERAALER L AR EE L SR LR Lt bt
O L L L T T L T T T L EEC L EE TR EE L TR LR SR R A TS LR EEE R TR S AR EE LA LR LS S L b A
e T ELE L e L L PP PR R EE PR EE PP P ECE FE L R P P R E R R R B EE L EE R R
T I T M F T R HE R R A S H PE L M S L E R R R L R e i i
....... PR RRRfUEREREREERRRERARRETRARIINIERNRHRLCIIINARRRAIRAGIRAAY

ER23ECE2I2IREIRZEE

.ﬂn.ﬂluﬂlﬂﬂﬂﬂﬂhﬂﬂ"-ﬂunnﬂuﬂﬂ-ﬁunﬂﬂnﬂﬂnﬂuﬂunl-IhunlHﬂﬂuﬂiﬁnaﬂ“ﬂnﬂ-un“buhu-UlnnﬂHﬂnﬂﬂuﬂ“hnnuﬂ‘nnuIu-x-nnnu.nnﬁﬂﬂﬂﬂhhﬂﬂnhuw:

4 ::u.o.c.-unnuu-nu-asnnassu-ununuw»nnss-uuauauuuaannﬂﬁnun-n-un-anuaao-nunanuwnuu-cuu--n-ne-u-u--unnmmm-mmww

254



A Skylight with Two Layers of Glass Balls - Matte - White — Winter
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A Skylight with Three Layers of Glass Balls - Matte - White — Winter
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A Skylight without Glass Balls - Matte - Gray — Winter
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A Skylight with One Layer of Glass Balls - Matte - Gray — Winter
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A Skylight with Two Layers of Glass Balls - Matte - Gray — Winter
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A Skylight with Three Layers of Glass Balls - Matte - Gray — Winter
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A Skylight without Glass Balls - Matte - Black — Winter
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A Skylight with One Layer of Glass Balls - Matte - Black — Winter
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A Skylight with Two Layers of Glass Balls - Matte - Black — Winter
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A Skylight with Three Layers of Glass Balls - Matte - Black — Winter
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A Skylight without Glass Balls - Glossy -
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A Skylight with One Layer of Glass Balls - Glossy - White — Winter
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e messrmn Eo S AR ARAAARARR SRR IAIIOC ISR ISP RFISUSIINSIA NN FARA A RIUSTOEEET T eplianTEsEEERzY

w‘rfrllnu»“ﬁhaﬂﬂu

BARREARRNRERE 0L EERRESEAARANRE23

HiEERE R R s S AR P e e e et S e L e e e T R e R S S R e T T P T L LY PR EE S R LT ]

S L R e b R F e P S R P PR S I I PR TSP P R 3

SRRt e e R e e e s R e e e R T L e R L e I T T F e S R o
CEEE R R L e R R e e e R T e LR S S T PR LT LT SR T RN L
A e e e P e R E e P e e I F R S PR S S P T S P F L T
HEEEEELELE R L EE R EE R PRt LR SRR R bR f e it e R e R I et et E e E Ot e TP Py e T

[ROGAERESEERASS

B R RS N I R R AR TSI A AN AT I I I I R AR S L I I LIS AN IR SRR NS PSR S R HAS SIS RS S S S NANFESERE ISR

269



A Skylight with One Layer of Glass Balls - Glossy - Gray — Winter

Ssxaasssasz=anac-as

RN AR R e N RIS R AR R AR R AR AR R AR A RREAARAR A ARRARARAAIALRRARAARAAREZNSRAARARSEARRAAAEY
LA AR b e PR R R LA S A R R P A R R PR R R A M LI A R R R R R R R R R AR SR R R
cERRE LR R et R R e SR i A LI A i e P A e R P R R LR R A R SR R AR R ER AR R L L EA R R RESE
St et b RS R e R E R E s M R R S b E e e b et pA R R PR ARt R AR R AR R LR PR R R b

HiEEEE R i i e e s b P R i E e P LR R F R e TR e R R R PR LR R LA A R R R RS R A AR R SR80 5

HA Rt P e e e B R S P R e R T A F L L L PRI R PR F R PR PR PP e S A T L b e s B R FEd R H B kS

Qe R R R R AR AR AR AN R AR AR AR AR AR AR AR AR R AR R AR AR AR ARC AR ARRRARRRE AR ARG AZRREARAARARAAA IR ARAARERARNIAGEA2REY
L e L e R T T PR PR P Y S PSR E S

Rt s Rt R T e T e L R R R e R S A e e R e R e T R R R R R

s erme T R e AR AR ARA AR AR AR ARETUSIE ISR U TASSRESTYSSIUNSSRERPARARZLRcUssasanNRREnnssnsanlTRRTRERNEES

270



A Skylight with Two Layers of Glass Balls - Glossy - Gray — Winter

0 EL T W tem 17 ]
Wl w0 " ) ) ‘ [L] n — A
» T B S B N 1] k T_ =
- el ot in b e Ll o (L] Ll
n m " m " " " ) e s |
" M M5 4w e MM M i R
i ) i i s amn e m "
- Ll (=] - " Ll - m - E i
" m an . a2 e - - o
i b el an aw el ) m - e |
" m o i i ol " e -
" E) din an “ @ e m 2
" wr - s i - m e 1]
- o e - "y el L s - r
» e s il e el i m "
- el . " o W w e I
" 1 m wy » a =i w m 1"
¥ e m e " " " il m 1 -
n 2 w ") m - " . - i
o " - - b - - -y o Ll i
» " - m o . » Ll o " "
n » - =l 2 m e ™ am m e
. W u m My ay - a m m ]
n " " i m m " mn w " .
E] " i w an a.- " L i " -
] " i F L i o » » [ i
» " El " i~ 1) L ™ il 1
o -] = an " " 3
- » M “n - (L m
» £ w e " - [
= ] 14 e an w .
n " M " (] ol i
o - m L1 - ny i)
» " S0 - ] ur e
“w L] L] - ™ - L]
» - m i - i i
b “ w0 i m w i
w " e " w wr i
- n m aar w bl i
- » s am L] b i
- n ko " m L)
& n el an b
o » E: " b
i i £ " kL
- " o » o
" " " " E
- - e L3 "
L e -1 »m m
- " I " i
" " m " m
© » 4 " e
“ " m m I
® B 0 ww m
" n m wi
“ " 2w i
5 4 b -
- 2 e "
&t o o L
- - ol -
- " bl "
- n e -
“ " m il
w = b [l
“ E ) s
4 n m "
- » m -
- " £ b
- -« - "
- L1 L -
- - L o
- ™
n - (1L}
n u o
" » "
] ) -
. ! k] ]
» n "
n w ™
» “ ne
» ) i
- o
" [t m
o n i
" " 0
L » "~
L] n an
L n e
" ] o
L] - ™
L - Lol
" .
" - "
" " L
" i an
- " L]
- " .
- » a2
- n L]
™ " iy
- n n
Ll " -
- " L]
sy - a
" L L]
» "
" "
" y
" e
" e
- i
] -
- Lol
- “
- s
n -
“ o)
" n
" e
M o
" -
L4 "
- ] L 5. T
" e Ll
- - my
" » it
ity S A L i i LRt i wep

271



A Skylight with Three Layers of Glass Balls - Glossy - Gray — Winter

mEfNohE—essssrsssnrsssssrsssz=sar

ISR RGARRCERESIRNRURSHELTRANAGEER

AR RARGREIRESSE AR SIRISINAASIES : EREA AR IR R EAR R e AR AR R RRAS R EEERARARRAERRARRIRSERAARARAEST

S I R P A S I PR S I PRI R I P s e S R R R R PR P E R R R R SRR S SRR I LR RS R RS L R R L
MR E R S E R S e i i P S e R LI I SRR i R a s R USSR Rt R e e i iR R b2 SRR d R et RO R R AR R FA R AL 0

R S Pt E T AT F R s R Sl R b R s R R R R R R R R R S E R S EA L

IE33EEBESES 22 I EE R E eI NE SO EO N E ORI IR YT R RSO I IRV IR ISR IR EASIREERREIZT

Rt e P I E e s B PR (A A IS RS R R R S S P T E E PR E R S R R R R R R LR R RS A

B ARERREHEAAERARARRAI AR AR AR AR AR AR AN AAR AR AR AN AR AR NI AR R ARG AR REAACAAFERISRAARARERIARARERE LRI INIATR

R RS R SRR R R it d s S e et i il A ettt i e LA b 2l

P I T LTl T e P T e e T e ey s e e e e e e R R R R e g

272
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