
 

 

 

The Ph.D. Thesis 

 

 

Study on the Improvement of Interior Illumination 

Distribution by Using Lighting Equipment on Window in 

order to Use Daylight 

 

 

Akita University 

February, 2018 

 

 

 

 

 

 

李 承霖 

Chenglin Li 

Akita University



 

i 

 

Abstract 

 

Lighting is always necessary during the operation hours from morning to night in an office 

building and generally, the amount of electric power consumed by lighting is about 20% to 

30% of the total electric power consumption. Therefore, the positive effect of using daylight 

for energy saving in office, and the development of a system that utilizes daylight positively is 

attracting attention. When developing a lighting device in practice, the season, weather and 

many other factors have to be considered. For example, when using daylight, direct sunlight 

entering the room is often dazzling and cannot be used directly. And, in the case of Akita City, 

the solar altitude angle (the angle between the sunbeam and the earth plane) depends on the 

season, it is about 75° at noon of the summer solstice where the sun is the highest, while it is 

about 30° on the winter solstice. Furthermore, solar azimuth angle moves from east in 

morning to west in the evening. Due to this, the angle of light entering rooms from the 

windows also changes, which may affect the indoor lighting environment as well. In order to 

solve these problems, it is necessary to develop a window system using daylight combined 

with seasonal strong light shielding. 

In this research, I have aimed to reflect the direct sunlight incident on the ceiling by attaching 

angle-changeable reflecting plates (blind-reflectors) to the window, and use the reflected 

diffused light from rough material of the ceiling for room lighting. In order to avoid dazzling 

daylight from the window and create a comfortable indoor environment, reflector angle that 

can be adjusted accordingly with changes in the solar angle of all seasons is needed and it is 

necessary to obtain the illuminance distribution of the work surface when designing the actual 

lighting. However, the angle of incident light from the window and the amount of incident 

light flux change gradually. In order to find out the illuminance distribution in various 

situations, it is necessary to spend enormous amount of time and cost in designing by 

performing actual measurements and calculation manually. 

Therefore, in order to reduce the time and cost to manually measure and calculate these 

illuminance distributions, a simulation of illuminance distribution using the Monte Carlo 

method was performed. In preparing the simulator, I made it possible such that lighting 

fixtures, rooms, windows and etc. can be freely set and installed. In addition, an illuminance 

distribution simulator was created that can display the illuminance distribution chart after 

calculating the reflector angle with sunlight. The function to simulate changes in solar angle 

depending on the season and time zone was also calculated. In this simulator, the Monte Carlo 

method was used because compared with other methods, it can reproduce the properties of 

light with higher precision on a computer, and calculate the illuminance distribution by 

simulating various conditions in the room desired for virtual space. However, in order to 

obtain excellent calculation results, enormous calculation time is required. On the other hand, 
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in this study, by using a new Monte Carlo method for the photon flux generation method from 

lighting fixtures, fluorescent lamps of various shapes can be reproduced with a point light 

source, and the calculation speed of the illuminance distribution can be shortened with a 

simulator. First, the validity of the lighting fixture and the validity of the window by 

comparing the measured value and the simulation value was compared using this simulator. 

This method was used to investigate the illuminance distribution in the indoor space. From 

the simulation results, the indoor lighting environment when changing the solar angle and the 

reflector’s angle in the window was compared. And thus, the possibility of reducing the power 

consumption was testified. 

A model space of a typical laboratory of Akita University was considered in this research 

work and calculation of illuminance distribution was performed. These simulation works  

meet the indoor lighting standards described in 「Lighting standard JIS Z 9110: 2010」 of the 

Japanese Industrial Standard (JIS). The sun angle used in the simulation was based on the 

solar altitude angle and solar azimuth angle at Akita University and the solar flux amount was 

also calculated from the measured values. In order to avoid problems such as sunset, this 

research used daylight in the time zone from 9:00 to 15:00 throughout the whole year. The 

illuminance distribution on the work surface was compared for the cases of with and without 

any reflectors installed in the window. From the results, one can understand that the lighting 

in the room was comfortable when the reflectors were installed in the window. And the 

effectiveness of the blind reflectors was also confirmed.  

In the window system whereby reflectors were installed, the design of the reflectors is 

important. For example, when designing a reflector, if the width is too long, the daylight that 

can be reflected on the ceiling will be blocked, and the amount of light taken into the room 

will reduce. On the other hand, when the width of the reflector is too short, daylight 

illuminating the workplace through the reflectors will be too dazzling. In order to improve the 

practicality and performance of the reflector system, I have performed several simulation 

works to understand the dimensions of the blind reflectors and their installation process in a 

manner so that the highest amount of light is reflected on the ceiling. As a result, parameters 

such as the number of blind reflecting plates, length, distance, etc. were determined for real 

environment in order to get a better lighting system. In actual simulation, since comfortable 

lighting environment can be obtained, it is installed so that incident light can be reflected to 

the center of the ceiling. In this research, the JIS illuminance reference values was set as the 

target values, and by applying the knowledge of the change in the indoor environment due to 

the change of the position of the sunlight, the horizontal and vertical angle of the slat of the 

blind reflector was adjusted and the angles which satisfy the comfortable lighting 

environment under each environment was measured. 

From these results, the amount of energy saving which can be achieved by comparing power 

consumption when using daylight was examined. In the near future, by improving the window 
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system with reflectors, better energy saving effect is expected which will contribute to a 

sustainable energy saving society. 
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Chapter 1 

Introduction 

1-1 Background 

In recent years, various natural problems such as the thinning of the ozone layer and global 

warming are aggravating and CO2 reduction has become an important issue. Globally, the 

problem of energy shortage has been particularly prominent in countries with rapid economy 

development. It is important to solve the problem of energy saving not only in Japan but also 

for other countries in order to achieve sustainable social and economic development. As a large 

amount of energy is consumed in the field of building lighting, the importance of energy 

conservation has become even more prominent.  

In recent years, it is becoming more common for us to rely on artificial lighting during the 

daytime even when daylight can be obtained at places such as office buildings. The idea of 

daytime artificial lighting is to shield direct sunlight to prevent dazzling daylight entering 

through the window and to further create a high quality illumination environment. The 

consumption of electric power due to illumination is 20-30% of the total electric power 

consumption in office buildings as illumination system runs from morning till night [1]. Along 

with this, the cooling load increases as illumination system dissipates heat in the office rooms. 

This phenomenon occurs not only in summer but also in other seasons as well. Thus, the use of 

natural sunlight may pave way for energy saving system of office buildings [2].  

As we know, natural light is an inexhaustible natural energy source, and it is also a clean energy 

which doesn’t cause pollution. The use of natural light as a building lighting energy is the 

biggest energy saving method. Therefore, natural light source should be used as the lighting 

energy of buildings as much as possible when the conditions permits. And natural light has 

several merits compared to artificial lighting. 

Full spectrum lighting, such as sunlight, can provide a lot of nutrition to the human body. Many 

people may have known that natural light contributes to the production of vitamin C. But not 

everyone knows the effect of sunlight on the production level of vitamin D in the body. Vitamin 

D is a kind of essential vitamin that helps relieve depression, helps absorb other vitamins and 

minerals, and is also believed to prevent some types of cancer. Because vitamin D is produced 

when sunlight comes in contact with skin, short exposure to natural light every day will make 

it easier for you to get enough vitamin D and help your body resist various diseases [3-6]. 

Phototherapy is also helpful in the treatment of various types of anxiety. For example, tension 

and depression associated with seasonal affective disorders are exacerbated by the lack of 

natural light. People who like to stay indoors and do not touch the sunlight have the risk of 
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developing this disease and it may lead to complete depression or panic disorder. In fact, getting 

in contact the natural light for 15-20 minutes a day can be a good way to avoid this kind of 

problems [7-9]. 

A study found that employees who work near windows or skylights tend to be less negative and 

are more likely to focus on their work, and are more creative and happier in their work [10]. In 

addition, exposure to natural light can also bring practical benefits to many people. For example, 

getting sunlight into the room helps to reduce the dependence on the lights, which will 

undoubtedly save a lot of electricity. Working under natural light is more likely to see details 

than under a light. In addition, there are also theories stating that getting in contact with natural 

light helps to accelerate the recovery of colds and other diseases [11-13]. 

In this way, using natural light during actual life and work is important not only for reducing 

the power consumption of lighting equipment but also for living in a comfortable lighting 

environment leading to better health. In office buildings, the most common daylighting method 

is using daylight from the window, and it is common to use it together with artificial lighting. 

In addition, light is also accompanied by heat, not only to take in light from the window well 

but also to control the amount of light that enters the room as a measure against dazzling light 

and heat in order to maintain a comfortable indoor environment. It is thought that the effect of 

energy saving on the entire office space is great from such daylighting method, and the 

development of a lighting device which actively utilizes daylight is attracting attention. Again, 

Bodart and De Herde evaluated the impact of the reduction of lighting power costs on global 

energy consumption levels, and reported the potential for cutting artificial lighting power costs 

by 50–80% if daylight is actively incorporated in office buildings [14]. 

It has been reported that daylight-illumination methods are important for energy saving in 

buildings by using daylight entering into the rooms from window [14]. For example, Ming-

Chin Ho et.al. estimated that 70% of lighting power cost reduction might be possible by using 

daylight with sun shading devices [15]. Previous works with using daylight illumination 

methods to reduce the energy consumption of buildings in a variety of indoor environments 

includes using specular reflectors [15], daylighting film [16, 17], various blinds [18-22], and so 

on[23-30].  

Ming-Chin Ho’s group used daylight and artificial lighting together by using sun-shading 

system combined with large reflection plates in various ways. According to a survey, it is 

possible to save up to 70% in subtropical classrooms like Taiwan [15]. Takuma BAN’s group 

and Masaki Nishimura’s group confirmed the energy saving effect when they reflected the 

dazzled sunlight to the ceiling using a daylighting film and lighting by diffusing light from the 

ceiling [16, 17 ]. Furthermore, the group of Takuma Ban not only confirmed the energy saving 

effect by using daylight but also evaluated from the perspective of solar heat control [16]. In 

recent years, studies of blinds that are compatible with solar shielding and daylight control have 

been actively conducted [18-22]. A blind slat angle control system which helps in conserving 
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energy and provides comfortability to its users has already been developed [21]. There are 

various researches on daylight utilization [14-30], and the use of daylight is roughly divided 

into two kinds, which are direct use and indirect use. 

The direct use of natural light is in close coordination with the field of civil engineering. To 

optimize the usage of building windows by using the methods of converting outdoor natural 

light into interior light, common window lighting are mainly made up of side window lighting 

and scuttle lighting. Indirect use of natural light in the control system refers to the use of light, 

light transmission equipment, astigmatism to match the amount of natural light with artificial 

light to provide a comfortable lighting environment. For example, the use of lighting film, 

blinds and so on. 

In previous works, there were almost no situations where the energy saving rate was 100%. 

Artificial lighting is also necessary due to factors such as insufficient illuminance and 

uniformity, even when using daylight while working indoors. The author measured the amount 

of sunlight entering the room from the window of the actual office environment at each time 

zone in order to examine if it is possible to create a comfortable indoor lighting environment 

simply by using sunlight entering from the actual window. The measurement took place in a 

typical laboratory of Akita University, and the window was roughly facing south. And in order 

to avoid glaring sunlight during sunrise and sunset, the daylight hours was set from 9:00 to 

15:00. From the measurement results, it was revealed that the amount of incident daylight in 

almost all time zones is larger than the luminous flux amount of artificial lighting within any 

lighting time period in any season. In other words, if the sunlight coming from the window is 

used well, it is considered that a comfortable lighting environment can be created without 

artificial lighting. 

However, in the previous research, there are few situations where only daylight is used. It is 

thought that the cause is low daylighting rate. In the conventional daylighting method, in the 

case of the direct use method, the sunlight is not directly used, instead it is the scattered rays 

after reflection on walls or ceiling that are used. When sunlight enters the room, the 

consumption rate of sunlight is high due to absorption and shielding etc. in facilities with 

various lighting means. In the case of using a reflector, the daylighting rate is good, but glaring 

light concentrates in local areas in the room, so the degree of homogeneity decreases. In order 

to create a comfortable lighting environment, it is necessary to shield a part of dazzling daylight, 

combine it with artificial lighting, and increase the degree of uniformity. In the case of 

daylighting films, sunlight is absorbed or blocked partially when light passes through the 

lighting film. The light entering the room is a part of the incident daylight. In the case of blinds, 

by adjusting the angle, the amount of light entering the room can be adjusted, but the incident 

sunlight on the blind surface is diffuse reflection, and a considerable amount of daylight is 

reflected out of the room. Likewise, other daylighting methods are unable to raise the lighting 
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rate due to such problems. Another problem is the conduction of sunlight. The incident sunlight 

concentrates on the window side, so it can not reach the back of the room. 

In order to solve these problems, it is necessary to develop a window system combining the use 

of daylight with seasonal strong light shielding. Therefore, in this research, a method of using 

daylight with angle adjustable blind reflectors is proposed. One of the reasons on why research 

on angle adjustable blinds is active in recent years is its convenience. Since it is attached to the 

inner side of the window, it has less influence on the working environment and storage is 

convenient. In this research, the incident sunlight is reflected to the ceiling by setting a few 

angle adjustable blind reflectors on the window, and the diffuse light reflected from the rough 

material of the ceiling is used for room lighting. In this case, it is possible to catch almost all 

light in the room, since it utilizes ceiling diffused light, it can be expected that the ratio of 

uniformity is high. And since the angle of the blinds is adjustable, it is possible to secure a large 

lighting rate according to the movement of the sun which constantly changes throughout the 

day. 

And now, products such as smartphones and cars are getting more and more intelligent. 

Currently, products with high intelligence are already made [31-36]. Therefore, the daylighting 

system is also made intelligent such that the blind reflectors are able to adjust its angle 

automatically according to the movement of the sun and becomes a daylighting system that can 

be used in the future to provide a comfortable indoor lighting environment at any time. Also, 

as the sun passes the same place on the same day almost every year [37, 38], the azimuth and 

elevation angle of the sun of any time of the year can be calculated. Correspondingly, the 

change in angle of the reflector can also be easily calculated. Furthermore, this intelligent 

system can be used in various fields. For example, in the case of solar power generation, by 

using such a reflector control system, to concentrate sunlight to a single location, it increases 

the utilization rate of solar power generation panels and also the number of panels can be 

reduced. 

 

1-2 Investigation method 

 

When developing a lighting device in practice, the season, weather and many other factors have 

to be considered. For example, when using daylight, direct sunlight entering the room is often 

dazzling and cannot be used directly. And, in the case of Akita City, the solar altitude angle (the 

angle between the sunbeam and the earth plane) depends on the season, it is about 75° at noon 

on the summer solstice where the sun is the highest, while it is about 30° on the winter solstice. 

Furthermore, solar azimuth angle moves from east in morning to west in the evening [37-41]. 

Due to this, the angle of light entering rooms from the windows also changes, which may affect 

the indoor lighting environment as well. When taking in light from the window, it is necessary 

to know the change of the indoor environment due to the change of the position of the sun and 
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to consider the arrangement of the lighting equipment to satisfy the comfortable lighting 

environment under each environment. In order to solve these problems, it is necessary to 

develop a window system using daylight combined with seasonal strong light shielding. 

In this research, the incident sunlight is reflected to the ceiling by attaching angle-changeable 

reflecting plates (blind-reflectors) to the window, and the reflected diffused light from rough 

material of the ceiling is used for room lighting. In order to avoid dazzling daylight from the 

window and create a comfortable indoor environment, reflector angle that can be adjusted 

accordingly with changes in the solar angle of all seasons is needed and it is necessary to obtain 

the illuminance distribution of the work surface when designing the actual lighting. However, 

the angle of incident light from the window and the amount of incident light flux change 

gradually. In order to find out the illuminance distribution in various situations, it is necessary 

to spend enormous amount of time and cost in designing by performing actual measurements 

and calculation manually. 

Therefore, optical simulation by computer has been used in recent years in order to reduce the 

time and cost of actually measuring and manually calculating these illuminance distributions. 

This is to reproduce the nature and physical phenomenon of light on a computer and to calculate 

the illuminance and illuminance distribution by simulating various conditions in a room in a 

virtual space. In recent years, as the performance of the computer have improved rapidly, 

various illumination distribution simulators using difference calculation methods have been 

developed. 

At present, many professional lighting design software have been developed abroad. 3ds MAX, 

DIAlux, AGI32, Rayfront and other three dimensional design software for lighting design are 

also quite effective. But in general, there is no graphic design for AutoCAD in the field of 

lighting design. Photoshop is also another dominant software in the industry of image 

processing. The various software have their own advantages and disadvantages. 

In a previous research conducted in the author’s laboratory, a simulator for room lighting was 

created and used for lighting design without sunlight [42-49]. In the current research, in order 

to investigate the indoor conditions in all seasons, an illuminance distribution simulator was 

built so that sunlight can be used using the Monte Carlo method based on the previous simulator 

[2, 50]. In preparing the simulator, it was made such that lighting fixtures, rooms, windows and 

etc. can be freely set and installed. In addition, an illuminance distribution simulator that can 

display the illuminance distribution chart after calculating the reflector angle with sunlight was 

created. The function to simulate changes in solar angle depending on the season and time zone 

was also calculated. In this simulator, the Monte Carlo method was used because compared 

with other methods, it can reproduce the properties of light with higher precision on a computer, 

and calculate the illuminance distribution by simulating the various desired conditions for the 

room in the virtual space [51-55]. However, in order to obtain excellent calculation results, 

enormous calculation time is required. On the other hand, in this study, by using a new Monte 
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Carlo method for the photon flux generation method from lighting fixtures, fluorescent lamps 

of various shapes can be reproduced with a point light source, and the calculation speed of the 

illuminance distribution can be shortened with a simulator. First, the validity of the lighting 

fixture and the validity of the window by comparing the measured value and the simulation 

value was done using this simulator. This method was used to investigate the illuminance 

distribution in the indoor space. From the simulation results, the indoor lighting environment 

when changing the solar angle and the reflector’s angle in the window was compared. And thus, 

the possibility of reducing the power consumption was testified. 

 

1-3 Purpose 

 

In this research, a versatile illuminance distribution simulator by using the Monte Carlo method 

was developed and used to compare the difference in interior lighting environment by changing 

the angle of the reflector based on the sun angle for all seasons. It was also evaluate the 

possibility of reduction of power consumption. The specifics are as follows. 

 

1：Creation of illumination distribution simulator using Monte Carlo method 

 

By using the Monte Carlo method, it is possible to create a highly versatile simulator capable 

of conducting complicated simulations. In this research, parameters such as lighting fixtures, 

windows, reflectors, sun, etc. can be freely set, and after completion of calculation, an 

illuminance distribution simulator which can display the illuminance distribution map is created. 

Before actual simulation, both the validity of the lighting fixture and the validity of the window 

were verified by comparing the measured value and the simulation value using the created 

simulator. 

 

  

2：Changes to the indoor lighting environment and evaluation of the amount of 

power consumption reduction when it is possible to take light from the window 

 

Using the created illuminance distribution simulator, the illuminance of the observation surface 

in the case of installing windows and lighting fixture on the ceiling in the model space and the 

case where no windows are installed in the model space were compared and examined. Together 

with the results from the actual environment, this study simulated the following three situations 

in the simulator, and the changes in the indoor lighting environment and the amount of power 

consumption reduction in the case of daylight adoption were examined. The amount of light 

flux and the sun angle used during the simulation are all measured values 

 Without direct Sunlight (no Reflector) 
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Alike a cloudy day, the incident light through the window is not dazzling and it can be 

used without installing any reflector on the window. 

 With direct Sunlight (with reflector) 

Alike a sunny day, the incident light through the window is dazzling and it is necessary for 

the sunlight from the window to by reflect to the ceiling by using reflectors. The reflectors 

were controlled by adjusting the vertical angle of the blind reflector. 

 With direct sunlight (with many rows of reflectors) 

Here, in order to further improve the performance of the reflecting plate, a large number 

of rows of reflecting plates are controlled by adjusting two types of angle which are the 

vertical and horizontal angle, and all the incident daylight were reflected to the center of 

the ceiling. 

These three situations were simulated all year round and compared with the case when 

daylighting from the window is not possible, and the amount of power consumption reduction 

was evaluated. The ultimate goal of this research is to produce a comfortable lighting 

environment for an indoor room just by using daylight from the window. 
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Chapter 2 

Simulation method  

 

In this chapter, I will briefly describe how light is defined in illumination engineering and 

explain how light is handled on computers. 

 

2-1 Photometric value and the units [1-6] 

 

Radiation is a kind of energy, but light is a form of electromagnetic radiation that is visible to 

the human eye. Therefore, the amount of light luminance is not a physical value but a kind of 

psychophysical value. Various Units about light (i.e. the definition of photometric values and 

its units) are described below. 

 

1：Luminous flux 

Luminous flux describes the total amount of light emitted by a light source. It differs from 

 

Fig. 2-1 Idea of luminous flux [2] 
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radiant flux such that luminous flux is the sensitivity of the human eye towards the different 

wavelengths of light. It was determined internationally, that a standard function called 

luminosity function was set by the CIE (Commission Internationale de l'Ĕclairage). The human 

eye is sensitive to a portion of the magnetic spectrum with wavelength between 380 to 780 

nanometers. The maximum sensitivity is the yellow green light which wavelength is 555 nm 

(frequency 540 THz) (Fig. 2-1). 

A luminous flux  is a value obtained by measuring the radiant flux in the visible wavelength 

range with reference to the sensitivity of the eye which use the luminosity function V() 

described in eq. (2-1). 

 

In the eq. (2-1), the unit of luminous flux : lumen [lm], P (): The spectral radiant flux (Power 

per unit wavelength width of radiant flux at wavelength ) [W/nm]，：Wavelength [nm]，

Km：Conversion factor of radiant flux and luminous flux at wavelength of maximum visual 

sensitivity，683 lm/W. The image diagram is shown in Fig. 2-1. 

By using the equation above, the luminous flux is measured as the amount of radiant flux 

sensed by the human eyes, which is the basis of the following photometric amount. The 

luminous flux emitted from the actual light source is shown in the following Table 2-1.  

 

2：Luminous intensity 

An object that emits light is called a light source. We will refer a point or size of negligible 

distance (1/10 or less of the length of light fixture) as a point light source.  

Luminous fluxes are emitted to all directions from this point light source. The luminous flux 

included in the unit solid angle in a certain direction (1 steradian [sr]), i.e. the solid angle 

density of the luminous flux is called Luminous intensity. The unit for measuring luminous 

intensity is called candela [cd]. It is defined as one of the base units in the International System 

of Units. In order to handle light, the effect of radiation toward human vision must be taken 

 = K𝑚 𝑉()𝑃()𝑑
780

380
                          (2-1) 

Table 2-1 The luminous flux of some light sources 

Light source Luminous flux［lm］ 

Sun 3.6×1028 

Incandescent  lamps      40W 485 

White fluorescent lamp    40W 3000 

Fluorescent mercury lamp  40W 1400 
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into account. The luminosity is the base unit because a special candle was used for the initial 

metering standard. The luminous intensity is calculated by using luminous flux in eq. (2-2) 

and has since become the current base unit being used for luminous intensity. 

In Fig. 2-2, if there exists a luminous flux d [lm] in the small solid angle at a certain direction, 

the luminous intensity I [cd] in the direction of the arrow of this light source is expressed by 

the following equation. 

 

The approximate luminous intensity values of actual light sources are shown in the following 

Table 2-2. 

A point light source having equal luminous intensity in all directions is a uniform point source. 

If luminosity is expressed as I0 [cd] and the total solid angle around one point is 4π [sr], the 

total luminous flux [lm] emitted from this light source is described by eq. (2-3) 

 

   𝐼 =
𝑑

𝑑
，𝑑=I・d                                     (2-2) 

＝4πI0  [lm]                                              (2-3) 

Table 2-2 The luminous intensity of a representative light source 

Light source luminous intensity［cd］ 

Sun 2.8×1027 

Incandescent  lamps      40W 40 

White fluorescent lamp    40W 330 

Fluorescent mercury lamp  40W 110 

Fluorescent mercury lamp  40W 1800 

 

 

Fig. 2-2 Definition of luminous intensity 
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3：Illuminance 

The density of luminous flux incident on a certain surface is called illuminance. Certainly, the 

brightness of the surface varies depending on the magnitude of the illuminance. The unit of 

illuminance is lux [lx], and 1 lx is the illuminance when 1 lm of light is incident on the plane 

of lm2. 

In Fig. 2-3, the illuminance E [lx] of the point P is expressed by the following equation when 

the luminous flux incident on the small area dS [m2] around the point P on the irradiated surface 

is d [lm]. 

 

Again, the illuminance E at all points on the inner surface of the sphere is calculated by the 

following equation when a uniform point source of luminosity I [cd] is placed at the center of 

the sphere of radius R [m] 

 

Illuminance on the inner surface of the sphere is proportional to the luminous intensity of the 

light source and inversely proportional to the square of the radius. Likewise, when the 

luminous intensity in one direction of a point light source is I [cd], the relationship between 

the distance R [m] and the illuminance En on the plane perpendicular to the direction of light 

is, 

   𝐸 =
d

d𝑆
，d=E・dS                             (2-4) 

   𝐸 =
d

d𝑆
=

4𝜋𝐼

4𝜋𝑅2 =
𝐼

𝑅2  [lm]                       (2-5) 

 

Fig. 2-3 Concept of illuminance 
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This relationship is called inverse square law of illuminance (Refer to Fig. 2-4 for the concept 

of this relationship. The subscript n of En in eq. (2-6) represents the direction of incident light 

is the direction normal to the surface). 

If the light source is not dot-shaped, and the distance to a certain object is small, this inverse 

square law cannot be applied. In that case, it is sufficient to divide the light source into 

elements of smaller area and consider them as point light sources and calculate the illuminance 

(eq. (2-7)). 

Next, as shown in Fig. 2-5, when a luminous flux  [lm] parallel to the normal direction of the 

surface is incident to the area S [m2] on a certain plane, the illuminance En of this surface is 

expressed by the following equation. 

 

   𝐸𝑛 =
𝐼

𝑅2  [lm]                                      (2-6) 

   𝐸𝑛 =


𝑆
  [lx] (=[lm/m

2
])                                 (2-7) 

 

Fig. 2-4 Concept of uniform point light source and spherical illuminance 
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If this plane gradient is 0, the area where the luminous flux  strikes becomes S’=S/cos. 

Therefore, the illuminance E' on the S' plane is, 

 

In other words, the angle of inclination of the surface, i.e. the cosine of light incidence of angle 

 is proportional to the illuminance E' (this is called the incident angle cosine law). 

Furthermore, as shown in Fig. 2-6, the luminous flux from the point light source with 

luminosity I [cd] is considered to be a parallel ray near the point P when light enters point P 

on the plane S from the direction forming the angle  with the normal PN. Therefore, the 

   𝐸′ =


𝑆 ′
=



𝑠/cos 
= 𝐸𝑛 cos                    (2-8) 

 

Fig. 2-5 Law of the incident angle cosine 

 

Fig. 2-6 Illuminance by point light source 
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illuminance E on the plane S is expressed by the following equation. 

 

Here, En: Illuminance of plane Sn with OP as normal (Called normal illuminance). 

The illuminance E in the case where there are a plurality of point light sources, illuminance E 

can be calculated by summing the illuminance of all the point light sources using the following 

equation. The general representation of the illuminance of light source is shown in Table 2-3.  

 

Here, subscript i: The ith point light source. 

As shown in the Table 2-3, the illuminance in the actual lighting environment is several ten 

thousand lx in the outdoors under a clear sky, whereas approximately 0.2 lx under the full 

moon night, and several hundred lx in the office and classroom desk. 

 

 

4：Luminance 

The amount representing the brightness of the shining or illuminated surface is luminance. In 

Fig. 2-7, the luminance La of a certain direction  with a small area dS of a certain surface is 

calculated by dividing the luminous intensity Ia [cd] in that direction by the orthogonal 

projection area (the apparent area viewed from the  direction) dS（=dS cos）divided by 

unit meter. In other words, it is the area density of luminous intensity (unit is cd/m2 (candela 

  𝐸 = 𝐸𝑛 cos  =
𝐼

𝑅2 𝑐𝑜𝑠                      (2-9) 

 𝐸 =  𝐸𝑛𝑖 𝑐𝑜𝑠𝑖 =  
𝐼

𝑅2 𝑐𝑜𝑠𝑖            (2-10) 

Table 2-3 Example of illumination values 

Light source or place Illumination［lx］ 

Direct sunlight About 100 thousand 

Cloudy 30～70 thousand 

Rain cloudy 10～30 thousand 

Shade・Blue sky light 10～20 thousand 

Full moon night About 0.2 

Starry star About 0.0003 

Office 500～1000 

 

19

Akita University



per square meter)) and is expressed by the following equation. 

 

The luminance is irrelevant to the distance from the eyes. 

We recognize objects by the difference in luminance, and in the case of uniform luminance, 

the object will look like a flat plate. The general representation of the luminance of light source 

is shown in Table 2-4. 

 

 

   𝐿 =
𝐼

d𝑆cos 
  [cd/m2]                         (2-11) 

Table 2-4 Example of luminance 

Light source or place luminance［cd/m2］ 

Zenith sun       (On the ground) 1.65×109 

Blue sky light         (Clear sky) 5000 

Blue sky light          (Fine day) 10000 

Blue sky light (Standard cloudy weather) 1700 

Incandescent lamp     (100W clear) 4×106 

Fluorescent lamp      (40W White) 9000 

Mercury lamp         (400W clear) 4×108 

Mercury lamp  (400W Fluorescent form) 1×105 

 

 

Fig. 2-7 Definition of luminance 

 

20

Akita University



5：Luminous radiance 

The luminous flux diverging from the unit area of a certain surface is called luminous flux 

divergence. 

Let the small area of any point on this surface be dS [m2] and the luminous flux diverging from 

there be d [lm], the luminous radiance M at that point is expressed by the following equation. 

 

 

6：Complete diffusion surface 

A surface with uniform luminance as viewed from any direction is called a complete diffusion 

surface or an even diffusing surface. In Fig. 2-8: The luminous intensity in the normal direction 

of a minute area dS [m2] of a light emitting surface is represented by dIn [cd], Ln [cd/m2] is the 

luminance in that direction. Let the luminosity and luminance in the direction forming the 

normal and the angle  be dI [ cd] and L [cd/m2] respectively and they can be calculated using 

the following equations.  

 

On the complete diffusion surface, as the brightness is not dependent on its direction, L and 

dI can be represented as eq. (2-14). 

𝑀 =
d

d𝑆
 [lm/m2]                           (2-12) 

  𝐿𝑛 =
d𝐼𝑛

d𝑆
，𝐿 =

d𝐼

d𝑆cos 
                         (2-13) 

 

Fig. 2-8 Idea of Complete diffusion plane 
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Therefore, the trajectories of light intensity become a spherical surface. This is called 

Lambert's cosine law. 

On the complete diffusion plane, there is a relationship between luminance L [cd/m2] and 

luminous radiance M [lm/m2] as shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 𝐿 = 𝐿𝑛，d𝐼 = d𝐼𝑛cos                (2-14) 
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2-2 Monte Carlo ray tracing 

 

Monte Carlo ray tracing is one of the simulation methods which simulate the light’s 

characteristics on the screen by using the random numbers. It can simulate the illumination 

system in an easy and very accurate way. Here, I will introduce Monte Carlo ray tracing 

method and its calculation process. 

 

2-2-1 Ray tracing simulation method 

 

The ray tracing algorithm is one of the numerous techniques that exists to render images with 

computers. It is well-known for the generation of high-quality images, making it the defector 

standard for high-quality rendering and for almost all lighting simulation systems [7].  

The first ray tracing algorithm used for rendering was presented by Arthur Appel in 1968 [8] and 

this algorithm had been called "ray casting" since that time. The idea of ray casting is about 

shooting rays from the eye, one ray per pixel, and find the blocked path between the ray and the 

closest object. Previous algorithms traced rays from the eye to the scene until they reached an 

object, but the ray color was determined without considering the properties of light which affects 

the result of the algorithm. Turner Whitted continued this process and made an important research 

breakthrough in 1979 [9]. This method perfectly simulates the properties of light. In nature, the 

light emitted by the light source propagates forward and finally reaches a surface that hinders 

it from spreading continuously. We can consider "light" as a photon flow that is transmitted in 

the same path. In full vacuum, this light will be a straight line. But in reality, there are three 

factors affecting the light path, i.e. absorption, reflection and refraction. The surface of an 

object may reflect all or part of the light in one or more directions. It may also absorb some 

light, which reduces the intensity of the reflected or refracted light. If the surface of the object 

is transparent or translucent, it will refract part of the light in different directions, and absorb 

some or all of the spectrum and emit radiation.  

The ray tracing simulation method in this research starts from the light source, a light is emitted 

from a point which is the light source to the scene. The starting point of the light is the 

coordinates of the light source and the direction is described by a unit vector. There are three 

possibilities when a light reaches the surface of an object: 

 If the surface of the object at the current intersection is an absolute blackbody, the light 

will be absorbed 100% and the tracking ends. 

 If the surface of the current intersection is a specular surface or diffuse surface, the 

tracking continues in the direction of the reflected unit vector. 

 If the surface of the object at the current intersection is a regular transmission surface, the 

tracking continues in the direction of its regular transmission. 
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A ray tracing model is shown in Fig. 2-9 and the ray tracing simulation algorithm will be 

explained later. 

Ray tracing algorithm make a realistic simulation of lighting over other rendering methods 

(such as scan line rendering or ray casting). Effects such as reflections and inter reflection, 

which are difficult to simulate using other algorithms, are a natural result of the ray tracing 

algorithm. The computational independence of each ray makes ray tracing amenable to 

parallelization. [10, 11]  

As the properties of light are perfectly reproduced on the computer by ray tracing simulation, 

this method is not only used for optical design, but also for long wavelength applications such 

as microwave design and radio system, and also for short wavelength fields such as ultraviolet 

or X ray optics [12].  

On the other hand, in order to simulate light accurately and physically, it is necessary to 

calculate the locus of a myriad of light emitted from the light source and the direction of a ray 

is determined by random number (Monte Carlo method). The more tracks one has, the more 

accurate results gets. For this reason, ray tracing is well known for its long rendering times, 

often the calculation time needs minutes to hours for a single frame. Hence a serious 

disadvantage of ray tracing is that the simulation performance depends on the computer 

machine. But recent progress in hardware of the computers has paved the way of using ray 

tracing simulation method in illumination system.  

 

 

 

 

 

 

Fig. 2-9 Ray tracing model 
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2-2-2 Monte Carlo method 

 

The “Monte Carlo” name is derived from the name of a city-state, Principality of Monaco, 

which is well known for its casinos. This method is named because the roulette wheel is the 

simplest mechanical device for generating random numbers [13]. Since the simulation process 

involves generating chance variables and exhibits random behaviors, it has been called Monte 

Carlo simulation. Monte Carlo simulation is a powerful statistical analysis tool and widely 

used in both non-engineering and engineering fields. It was initially used to solve neutron 

diffusion problems in atomic bomb work at Alamos Scientific Laboratory in 1944. Monte 

Carlo simulation has been applied to diverse problems ranging from the simulation of complex 

physical phenomena such as atom collisions to the simulation of traffic flow and Dow Jones 

forecasting. Monte Carlo is also suitable for solving complex engineering problems because it 

can deal with a large number of random variables, various distribution types, and highly 

nonlinear engineering models [14]. 

A simple and well known example of Monte Carlo simulation is the method for determination 

of the ratio of circumference and the radius of a circle i.e. π. A uniform random number 

sequences uniformly distributed between 0 and 1 generates many points on the two-

dimensional coordinates as shown in Fig. 2-10. If these coordinates determined by random 

numbers are Xi and Yi, the points representing them are always uniformly distributed inside the 

square of area 1 as shown in Fig. 2-10. Let N be the total number of these points, and let M be 

the total number of those points those exist inside the circle with a radius of 1 with the origin 

at the center, since each point is uniformly distributed within the figure. The area ratio of a 

quarter circle is expressed by M / N [15]. Therefore, 

 

Fig. 2-10 Calculation of π by Monte Carlo method 
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π will be calculated by this equation. It is obvious that if the number of points to be generated 

is increased, the calculation accuracy will be further improved. Such this method is a 

probabilistic statistical method, it is a very effective means in solving a complex event. 

In this research, Monte Carlo method is used for the algorithm of the developed illumination 

distribution simulator. When the Monte Carlo method is used for optical simulation, actual 

light (photon) emitted from the light source is replaced with countless direction vectors as 

shown in Fig. 2-11. These photons travel straight through the interior space according to the 

direction vectors. The number of times the photon enters the eyes is the luminous intensity at 

that position, and the number of photon fluxes incident on a specific area of a wall or floor is 

the illuminance in that portion. The point where these photons are generated and the vector 

component are determined by using appropriate probability distribution. Therefore, the real 

light is perfectly reproduced on the computer by Monte Carlo ray tracing simulation. 

The main advantages and disadvantages in optical simulation by the Monte Carlo method are 

showed below. 

< advantages > : 

 Since the main part of the calculation algorithm is an iterative sentence, it is relatively easy 

to create and change programs. 

 There is versatility such that it is possible to calculate complicated simulation conditions 

with many light sources and diffusion surfaces (please see 2-1). 

< disadvantages > : 

 Because most algorithms are iterative sentences, calculation time tends to depend on the 

performance of the machine which is used 

 The accuracy of the simulation result is susceptible to the influence of the number of 

calculations, and unless a sufficient number of calculations are given, the error increases 

due to the influence of the bias of the probability distribution. 

π=
𝑀

𝑁
× 4                                                     (2-16) 
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Recently, with the development of the computers, the calculation speed and performance has 

increased rapidly. In this, we solved the disadvantages of the Monte Carlo method to some 

extent.  

 

2-2-3 Random numbers 

 

Monte Carlo simulation method is one of them which provide the light’s characteristics on 

the virtual screen by using the random numbers. So firstly, we should choose a good random 

generator.  

The way a good random generator is chosen is like choosing a new car whereby for some 

people or applications, speed is preferred, while for others robustness and reliability are more 

important. In the Monte Carlo simulation, the distributional properties of random generators 

are of utmost importance, whereas unpredictability is crucial in coding and cryptography [16]. 

Even though “random variable” implies that the value is unpredictable, the distribution may 

be well known. The probability of a given value can be known from the distribution of a 

random variable[17]. When PC generates a random number, it always generates a number with 

a algorithm containing certain rules, so random number generated by PC is called 

pseudorandom numbers. 

A good random number generator depends on many factors. A variety of random number 

generators is available, as different applications may require different properties of the random 

generator. A good uniform random number generator possesses the below characteristics [16]:  

1. Statistical tests: A generator should produce a stream of uniform random numbers that is 

indistinguishable from a genuine uniform iid (Independent and Identically Distributed) 

 

(a) Light with specific distribution  (b) Photon fluxes along the distribution 

Fig. 2-11 Optical simulation by Monte Carlo method. 
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sequence. Although from a theoretical point of view this criterion is too imprecise and even 

infeasible, from a practical point of view this means that the generator should pass a battery of 

simple statistical tests designed to detect deviations from uniformity and independence.  

2. Theoretical support: A good generator should be based on sound mathematical principles, 

allowing for a rigorous analysis of essential properties of the generator. 

3. Reproducible: An important property of a good generator is that it can reproduce the random 

numbers. This is essential for testing and variance reduction techniques. Physical generation 

methods cannot be repeated unless the entire stream is recorded. 

4. Fast and efficient: The generator should produce random numbers in a fast and efficient 

manner, and require little storage in computer memory. Many Monte Carlo techniques for 

optimization and estimation require billions or more random numbers. Current physical 

generation methods are no match for simple algorithmic generators in terms of speed. 

5. Large period: The period of a random number generator should be extremely large — on 

the order of 1050— in order to avoid problems with duplication and dependence. Most early 

algorithmic random number generators were fundamentally inadequate in this respect. 

6. Multiple streams: In many applications it is necessary to run multiple independent random 

streams in parallel. A good random number generator should have easy provisions for multiple 

independent streams. 

7. Cheap and easy: A good random number generator should be cheap and not require 

expensive external equipment. In addition, it should be easy to install, implement, and run.  

8. Not produce 0 or 1: A desirable property of a random number generator is that both 0 and 1 

are excluded from the sequence of random numbers. This is to avoid division by 0 or other 

numerical complications [16]. 

Actually, when this pseudorandom number is used for optical simulation, rational numbers 

from 0 to 1 are usually generated, i.e. if there is a pseudorandom number rand ( ) that generates 

a numeric value from 0 to RMAX (arbitrary natural number), the equation as shown in here: 

Here, ξ is a random number taking a rational number from 0 to 1. For example, if anybody 

wants to generate angle  from 0 to 2π with uniform probability, as the equation will be like 

below 

 

 

 

 

  𝜉 =
𝑟𝑎𝑛𝑑 ( )

𝑅𝑀𝐴𝑋
                             (2-17) 

   = 2𝜋・𝜉                                      (2-18) 

28

Akita University



2-3 Procedure of illuminance calculation and program flow  

 

In the case of performing illumination calculation using the Monte Carlo ray tracing method, 

it is possible to treat the radiation characteristics of the light source, reflection and absorption 

of light using random numbers. Illumination calculation in the model space by Monte Carlo 

simulation is performed by simulating the individual photon flux flight paths emitted from the 

light source and tracking from the light source. 

Here, we describe the procedure of illuminance calculation using the Monte Carlo method and 

the flow of the program in this portion. 

 

1：Procedure for calculating illuminance 

The calculation procedure of illuminance distribution in this research is as follows (Fig. 2-

12).The illuminance E [lx] of each surface of the observation surface is obtained as follow 

[18]. 

Here, F: The total luminous flux of the light source [lm], k: Lighting efficiency (The ratio of 

the luminous flux actually emitted from the lighting fixture among the light source luminous 

flux) [%], N: Number of initial radiated photon flux from light source, N’: Number of incident 

photon flux to each surface element S: Surface area [m2]. 

As described in section 2-1, illuminance is the amount of light flux per unit area of the surface. 

Therefore, the number of photon fluxes incident on each surface element is proportional to 

illuminance as shown in eq. (2-19). 

E=
𝐹×𝑘

𝑁
× 𝑁′ ×

1

𝑆
                                (2-19) 

 

Fig. 2-12 Illuminance calculation procedure by Monte Carlo method 
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2-4 Representation method of lighting equipment 

 

In this study, as the Light distribution characteristics of lighting are known, the horizontal 

angle φ and the vertical angle θ are determined by the data of its light distribution 

characteristics, and emit the photon flux vector directly from the point light source in that 

direction . 

Here, a specific method will be described. 

 

2-4-1 Light distribution characteristics of lighting equipment 

 

The first thing one needs to know in applying this method is the light distribution 

characteristics of the lighting equipment. Light distribution is the distribution of luminous 

intensity that shows how light is emitted to the space from the lighting equipment, and it is 

expressed by a radar graph called light distribution curve. 

The light distribution of the equipment can be visualized as a virtual sphere with its center at 

the center of the lighting as shown in Fig. 2-13. The direction of point P on the spherical 

surface is determined by the horizontal angle φ and the vertical angle θ. In general, the vertical 

angle directly below the equipment is θ = 0and the horizontal angle is set in the 

counterclockwise direction of the reference direction φ = 0. Distribution of light on the 

vertical plane V forming the horizontal angle φ is called vertical light distribution, and it shows 

the relationship between the vertical angle θ and the luminous intensity I() in that direction 

[2,3,5,18-20]. 

Generally, as shown in Fig. 2-13, the light distribution of the lighting is measured by using the 

vertical light distribution when viewing the lighting horizontally in three directions (φ = 0°, 

45°, 90°) ,  the vertical angle θ represent in intervals of 5° or 10°. An example of the light 

distribution curve is shown in Fig. 2-14 and Fig. 2-15. 

Each lighting maker has disclosed the light distribution curve of the lighting equipment of the 

company and other characteristics (light source, light flux, instrument efficiency, etc.) in the 

catalog, and the data necessary for calculating by this simulator can be obtained possibility. 
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Fig. 2-13 Representation of light distribution 

 

 

 

 

 

 

 

Fig. 2-14 Expression of the light intensity (light intensity) and its direction (horizontal 

angle φ, vertical angle θ ) by a curve 
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2-4-2 Creation of photon flux distribution 

 

As described in previous, each photon flux has an equal luminous flux. Therefore, in order to 

generate a photon flux according to the light distribution (luminous intensity distribution) of 

the lighting, it is necessary to distribute the luminous flux in all directions of the space from 

the center of lighting equipment. Therefore, the light flux distribution is created from the light 

distribution curve of the lighting equipment by the following procedure. Here, it will be 

explained by using the light intensity value of the light distribution curve in Fig. 2-15. 

 

1：Interpolation of light distribution (Luminous intensity distribution) 

As described in the previous section, generally, it is possible to know the luminous intensity 

distribution as viewed from three directions (φa, b, c = 0°, 45°, 90°) of the lighting equipment 

respectively. This luminosity value set is as shown in Table 2-5 with respect to the horizontal 

angle φ and the vertical angle θ, and the horizontal angle φ is expanded at intervals of 5 ° and 

the values are interpolated in Table 2-6. 

 

Fig. 2-15 Light distribution curve 
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Coefficient a, b, c is obtained from luminous intensity values in three directions with respect 

to a certain vertical angle θ, and calculate the quadratic curve I() of light intensity in the 

horizontal direction using approximate function (eq. (2-20)).  

𝐼(𝜑) = 𝑎𝜑2 + 𝑏𝜑 + 𝑐     (2-20) 

Luminous intensity I() for each horizontal angle φ (0°, 5°, 10°,..., 90°) is obtained from eq. 

(2-20) and this is done for each vertical angle θ. 

 

 

 

 

 

Table 2-5 Luminous intensity distribution (measured value) 

Luminous intensity [cd] 

θ         a = ０° b = 45° c = 90° 

0° 265 265 265 

5° 264 264 264 

10° 263 262 263 

15° 258 258 259 

20° 250 252 255 

25° 240 244 249 

30° 229 235 241 

35° 215 223 230 

40° 201 210 217 

45° 184 195 199 

50° 167 177 175 

55° 148 154 142 

60° 126 127 107 

65° 103 94 71 

70° 81 62 42 

75° 55 31 22 

80° 31 7 9 

85° 15 2.5 3 

90° 0 0 0 

 

33

Akita University



 

Table 2-6  Luminous intensity distribution of horizontal angle φ interpolated in an interval of 5° 

 

 

34

Akita University



2：Converting luminous intensity distribution to luminous flux distribution 

The luminous intensity I [cd] in each direction of the obtained luminous intensity distribution 

(Table 2-6) is calculated by considering the virtual spherical surface as shown in Fig. 2-16, if 

we consider the luminous flux incident on the micro area dS [m2] in each direction as dF [lm], 

it can be expressed by the following equation. 

Therefore, the luminous flux dF [lm] in each direction is obtained by the eq. (2-18). The micro 

area dS [m2] is smallest at the vertical angle θ = 0 to 5° and maximum at θ = 85 to 90°, when 

we consider the vertical plane V (Fig. 2-16) at a certain horizontal angle φ where different size 

is obtained from different vertical angle. 

In this way, the luminous intensity distribution in Table 2-6 can be converted into luminous 

flux distribution. 

  𝐼 =
d𝐹

d𝑆
                                        (2-21) 

d𝐹 = 𝐼・d𝑆                                   (2-22) 

 

(a) Light intensity distribution           (b) Vertical face of sphere 

Fig. 2-16 Converting luminous intensity distribution to luminous flux 

distribution 
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Fig. 2-17 Luminous flux distribution of lighting equipment and rejection method 
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2-4-3 Radial direction of photon flux 

When each value of the luminous flux distribution obtained in the previous section is divided 

by the maximum value in the distribution and normalized to 0 to 1, a luminous flux distribution 

diagram is obtained as shown in Fig. 2-17. The procedure for emitting a photon flux directly 

from a point light source in the direction according to this luminous flux distribution 

(probability distribution) will be described below. 

For the probability distribution function F (φ,), if the maximum value of this distribution is 

1, 

(1) Each variable φ and θ is determined by a uniform random number in an appropriate section 

(R1, R2). 

(2) Find the coordinates F (R1, R2) determined in (1) (R1, R2), compare it with the uniform 

random number in the section. If F (R1, R2)> R3, the random number is adopted following this 

distribution, and emit a photon flux from the point source in the direction of the corresponding 

φ, θ (Fig. 2-18). For other options, it can be negligible. 

By repeating (1) and (2), a random number according to the luminous flux distribution can be 

obtained. 

In this way, the radiation direction of the photon flux about an arbitrary distribution can be 

determined. 

 

 

Fig. 2-18 Radiation from point source 

 

37

Akita University



2-5 Determination of radiation vector 

 

The photon flux is calculated with vector after transforming the light into photon flux. In this 

research work, the point light source is assumed as equivalent diffusion point light source. The 

photon flux vector from the light source represents diffusion reflection and radiosity from the 

light source on XYZ space. The calculation method will be discussed below where V is the 

unit vector, θ and φ are vertical angle and azimuthal angle respectively in eq. (2-19). 

The angles θ and φ are determined by uniform random numbers ξ in the range of 01 as we 

have assumed the light source as the radiation of Lambert-like light by following the eq. (2-

20).  

The vivid descriptions of these equations are eq. (2-20) is available from geometric 

relationship in Fig. 2-19 [21, 22]. However, the values of θ and φ vary with the eq. (2-21). 

 

 

Fig. 2-19 Determination of radiant vector 
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2-6 Determination of incident coordinates of photon flux 

 

The photon flux emitted from the light source travels straight through the model space. The 

direction of this photon flux is represented by a direction vector: 𝑉 ⃗⃗  ⃗= (Vx, Vy, Vz). At this time, 

the trajectory of the photon flux is represented by a straight line using the radiation point 

coordinates and the direction vector, and the intersection of this straight line and each surface 

of the model space is the incident coordinate of the photon flux. Below, the method to 

determine the incidence and coordinates of the photon flux on each surface constituting the 

model space is shown. 

Let Xs, Ys, Zs be the radiation coordinates of the photon flux, the X, Y, Z coordinates of the 

photon flux are calculated using the parameters t as shown in eq. (2-26). 

          

Assuming an indoor environment surface is a plane, the collision between the photon flux and 

each surface can be determined using the general plane eq. (2-27). 

 

   X,Y, Z：intersection coordinates 

 a, b, c：normal vector of the relevant planes 

d   ：constant 

 

X, Y and Z is substituted in eq. (2-26), and parameter t is solved by 

 

If the parameter t in eq. (2-28) exists at t> 0, the photon flux collides with the plane and it does 

not exist. The actual colliding coordinates are determined by substituting t in each of the 

expressions eq. (2-26). 
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2-7 Vector conversion 

 

The reflector flux at a reflector plane needs again a vector transformation.  The 

transformation will use again the Lambert reflection shown in Fig. 2-17. The transformation 

will be changed according to the position of the coordinates of the reflector plane and the shape.  

The vector 𝑉 ⃗⃗  ⃗ (Vx, Vy, Vz) described at sections 2-5 and 2-6, is a unit vector to the surface. 

Therefore, this vector needs to rotate along with the X and Y axes by an angle θ inclined to the 

Z axis described in Lambert plane in Fig. 2-17 (b) for vector transformation at the plane [23].  

Here, the values of the vector transformation rotated along with the X axis will be shown below. 

The value of X axis will not be changed as it has rotated along with X axis. So, the values of Y 

and Z axis will be changed by using linear transformation with the angle θ (please see Fig. 2-

20).The transformed values are shown by eq. (2-29). 
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2-8 Detection of reflection and absorption of photon flux 

 

When the photon flux enters in the room and collides to the room’s surface plane, then it is 

necessary to know whether the photon flux is reflected or absorbed by the plane.  

In this work, there are two general types of reflection: diffuse and specular, as shown in Fig. 

2-21 and Fig. 2-22. A diffuse reflection, sometimes called Lambertian scattering or diffusion, 

occurs when a rough or matte surface reflects the light at many different angles. A specular 

reflection, such as what you see in a mirror or a polished surface, occurs when light is  

reflected away from the surface at the same angle as the incoming light’s angle [24].  

The decision of reflection absorption for a photon flux will be decided by another random 

  

(a) 2D change 

 

              (b) 3D change 

Fig. 2-20 Reflection vector 
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number Rd (0-1) with considering the reflection rate R of the planes described before in this 

paper (Fig. 2-21). 

Lambert reflector plane is mainly a rough plane, which acts a new point source when a photon 

flux collides on it. The new trajectory of the photon flux is calculated with the cosine of 

Lambert’s law. And the vector’s change of photon flux will be reference by section 2-4, 2-5 and 

2-7. 

Specular reflections demonstrate the law of reflection, which states that the angle between the 

incident ray and a line that is normal (perpendicular) to the surface is equal to the angle 

between the reflected ray and the normal. Please see Fig. 2-22. The angle between an incident 

ray and the normal is called the incident angle, denoted by the symbol θ. The angle between a 

reflected ray and the normal is called the reflected angle, denoted by the symbol θ  ́[24]. In 

this research, the ratio of specular reflection  

 

 

 

 

 (a) Lambertian scattering 

 

 (b) Reflection/absorption (Diffuse) 

Fig. 2-21 Setting of diffuse reflection 
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 (a) Specular reflection 

 

 (b) Reflection/absorption(Specular) 

Fig. 2-22 Setting of specular reflection 
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2-9 Radiation distribution characteristics of reflected light[23] 

 

As mentioned in the previous section, in this research, reflection from an indoor environment 

surface can be considered as complete diffuse reflection. Therefore, in consideration of the 

radiation distribution characteristic of light from the surface, it is necessary to revise the 

probability distribution of the generated angle. In order to reproduce Lambert's cosine law 

described in section 2-1 in the program, it is necessary to revise the probability distribution for 

the vertical angle θ. Here, this principle of the revised probability distribution will be described. 

First, if the luminous intensity in the vertical direction is represented by the eq. (2-2), the 

luminous intensity I when the vertical component tilted by θ is 

Let us consider a sphere centered on a point light source with a radius of 1 as shown in Fig. 2-

23. The band-like area S created when this sphere makes one rotation around the Z axis 

represented by θ is 

 𝐼 = 𝐼𝑛cos                                                    (2-30) 

 

Fig. 2-23 The area on the spherical surface 
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If the light intensity In of the vertical component is 1 [cd] and the light flux that passes through 

ΔS is expressed by the function N (θ) with an angle θ, the eq. (2-30) and (2-31) substituted 

into the new equation 

 

 

Let total luminous flux N be the total luminous flux at 0 < θ < π / 2 

Hence, the probability P (a, b) of the light flux incident on the annular zone with the condition 

a < θ < b is 

Therefore, the cumulative distribution function F (y) that can obtain an arbitrary probability 

distribution in a specific angle section is 

Here, if you compute eq. (2-35) with F(y) as the uniform random number sequence x in the 

interval [0,1], that is, x = F (y) 

Therefore, the angle y satisfying this condition is 

 

The value that satisfy x can be obtained by this equation. 

That is, if ξ is a random number from 0 to 1, the vertical angle θ is 

△ 𝑆 = 2𝜋𝑠𝑖𝑛𝑑                               (2-31) 

𝑁(𝜃) = 𝐼 △ S = 2𝜋𝑠𝑖𝑛𝑑𝑐𝑜𝑠                            (2-32) 

  𝑁 = 2𝜋  𝑠𝑖𝑛𝑐𝑜𝑠𝑑
𝜋

2
0

                      (2-33) 

  𝑃(𝑎, 𝑏) =
2𝜋  𝑠𝑖𝑛𝑐𝑜𝑠𝑑

𝑏

𝑎

𝑁
                     (2-34) 

  𝐹(𝑦)  =
2𝜋

𝑁
 𝑠𝑖𝑛𝑐𝑜𝑠𝑑
𝑦

0
                   (2-35) 

  𝑥 = 𝑠𝑖𝑛2𝑦 =
1

2
(1 − 𝑐𝑜𝑠2𝑦)                  (2-36) 

  𝑦 =
1

2
𝑐𝑜𝑠−1(1 − 2𝑥)                                   (2-37) 

45

Akita University



 

By fulfilling the above conditions, this phenomenon can be reproduced in the simulation. 

Also, since the horizontal angle φ has the same distribution of occurrence in all directions, by 

simply using the random number ξ 

The angle is will be within the range of 0 to 2π. 

 

 

 

References 

 

[1] Kouiti Ikeda，Akio. Kobara: “Optical technology and lighting design - From foundation 

to interior design”, The Institute of Elcetric Engineers of Japan, pp.1-7 (2004) (in Japanese) 

池田 紘一，小原 章男：「光技術と照明設計 －基礎からインテリアデザインまで

－」，電気学会，pp.1-7（2004） 

[2] Institute of Architectural Space Lighting Planning: “Lighting Design of the House”, pp.16-

25 (in Japanese) 

建築空間照明計画研究会：「住まいの照明設計」pp.16-25 

[3] The Illuminating Engineering Institute of Japan: “New · Lighting classroom-Lighting basic 

knowledge-Intermediate level”, pp.11－pp.15 (in Japanese) 

社団法人 照明学会：「新・照明教室 照明の基礎知識 中級編」pp.11－pp.15 

[4] NICHIA -Light Emitting Diode: “Optical Unit and Calculation”, SE-AP00041, pp.1-6 

(2016) 

[5] Rüdiger Ganslandt and Harald Hofmann, : “Handbook of Lighting Design”, ERCO Edition, 

Published by: Verlag Vieweg, 1992, ISBN 3-528-08895-8,pp.37-42 

[6] Hamamatsu: “Photomultiplier Tubes Basics And Applications”, pp.4-9 

[7] Ingo Wald, Timothy J.Purcell, Jörg Schmittler, Carsten Benthin, Philipp Slusallek: 

“Realtime Ray Tracing and its use for Interactive Global Illumination”, EUROGRAPHICS 

2003, pp.1-3 (2003) 

[8] Appel A: “Some techniques for shading machine renderings of solids”, AFIPS Conference 

Proc. 32, pp.37-45 (1968) 

[9] Whitted T: “An improved illumination model for shaded display”, Proceedings of the 6th 

annual conference on Computer graphics and interactive techniques (1979) 

  =
1

2
𝑐𝑜𝑠−1(1 − 2𝜉)                        (2-38) 

  𝜑 = 2𝜋𝜉                                                        (2-39) 

46

Akita University



[10] J.-C. Nebel: “A New Parallel Algorithm Provided by a Computation Time Model”, 

Eurographics Workshop on Parallel Graphics and Visualisation, 24–25 September 1998, 

Rennes, France 

[11] Robert L. Cook, Thomas Porter, Loren Carpenter: “Distributed Ray Tracing”, Computer 

Graphic, Vol.18, No.3 (1984) 

[12] M. I. Disney, P. Lewis, P. R. J. North: “Monte Carlo ray tracing in optical canopy reflectance 

modelling”, Remote Sensing Reviews，Vol. 18, 2000 - Issue 2-4, pp1-13 (2009) 

[13] Ilya M. Sobol’: “A Primer for the Monte Carlo Method”, CRC Press, pp1-2 (1994) 

[14] Lawrence, David E: “Cluster-Based Bounded Influence Regression”, Statistics, Chapter 

8.Monte Carlo Simulation pp.1-3 (2016) 

[15] Gabriel A. Terejanu: “Tutorial on Monte Carlo Techniques”, Department of Computer 

Science and Engineering University at Buffalo, Buffalo, NY 14260, pp1-3 

[16] Dirk P. Kroese: “Monte Carlo Methods”, Department of Mathematics School of 

Mathematics and Physics, The University of Queensland, pp 9-12 

[17] F. James, “Monte Carlo Theory and Practice”, Rep. Prog. Phys., Vol. 43, pp1147-1153 

(1980) 

[18] The Illuminating Engineering Institute of Japan: “University course - Lighting engineering 

(new edition) ”, Ohmsha, pp.76～89(1997) (in Japanese) 

照明学会編：「大学課程 照明工学(新版)」，オーム社，p.76～89 (1997) 

[19] Kouiti Ikeda，Akio. Kobara: “Optical technology and lighting design - From foundation 

to interior design - ”, The Institute of Elcetric Engineers of Japan, pp. 151-162 (2004) (in 

Japanese) 

池田 紘一，小原 章男：「光技術と照明設計 －基礎からインテリアデザインまで

－」，電気学会（2004）pp.151-162 

[20] “LED light distribution comparison study”, U.S. ENVIRONMENTAL PROTECTION 

AGENCY, Washington, DC 

[21] M. Suzuki, N. Yoshimura, O. Kimura and M. Awata: “Monte Carlo simulation for Color 

Changes Caused by an Inter-reflection Light”, Lighting Research and Technology, vol.78, no.2, 

pp.65-71 (1994) (in Japanese) 

[21] 鈴木 雅史, 吉村 昇, 木村 修, 粟田 昌延：“モンテカルロ法を用いた相互反射

光による色彩変化のシミュレーション”，照明学会誌 / 78 巻 (1994) 2 号 

[22] L. Chenglin, M. Kabir: “Development of an Indoor Illuminance Distribution Simulator 

by using the Monte Carlo Method”, Global Journal of Engineering Science and Research 

Management, ISSN 2349-4506, Vol.4, No.3, pp.85-94 (2017) 

[23] Zenta Usiyama, Tooru Kusakawa: “Simulation optics for optical designers and engineers”, 

Tokai University Press, pp189-196 (in Japanese) 

牛山 善太、草川 徹：「シミュレーション光学～多様な光学系設計のために～」東海

47

Akita University



大学出版会, pp.189～196, 2003年 

[24] Alma E. F. Taylor: “Illumination Fundamentals”, the Lighting Research Center, Optical 

Research Associates, pp.9-12 (2000) 

 

48

Akita University



Chapter 3 

Illumination distribution simulator  

 

By using the Monte Carlo method, I have developed a highly versatile illuminance distribution 

simulator that can be applied to complicated geometric simulations. In this section, I will 

explain the characteristics and operation procedure of the created illuminance distribution 

simulator. The validity of the illuminance distribution simulator was examined by comparing 

the measured values with the simulation results for an actual environment. The basic knowledge 

and procedures on lighting design when designing the lighting environment in the office will 

also be explained in this chapter. 

 

3-1 Summary of illuminance distribution simulator 

 

1. System requirement 

Programming languages have been developed very rapidly since the early 1950’s. More than 200 

programming languages have been invented so far [1]. Furthermore, with the rapid development 

of hardware technology, processors are getting faster and faster, and more and more powerful 

programming languages are capable to meet the requirements of more efficient program design 

for various applications [2]. Among these languages, C# is a language extended based on C 

language and C++, it is said that it is the most excellent in function and productivity when 

compared with other languages. The features of C# include the following. 

 Memory management is automated by the garbage collection function. 

 JAVA functions are provided. 

 Operating speed equal to or higher than Visual Basic can be expected [3,4] 

With these features in mind, I developed an illuminance distribution simulator with C# language 

using Visual Studio 2015. 

 

2．Features of the simulator created in this research 

I have been working on the research of the development of illuminance distribution simulator. 

The biggest difference with the previously created simulator is the use of sunlight coming in 

from windows and installation of blind-like reflectors in the window. Until now, simulations 

have been carried out by installing lighting equipment (point light source, line light source, and 

surface light source) on the ceiling, but in this study I installed a window on the wall and 

devised it so that I can efficiently utilize daylight reflected from the window [5-9].  

The utilization of daylight from the window was designed to cope with cloudy and sunny days. 
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In the case of cloudy days, the daylight entering through the window is diffuse light and is 

harmless to the human eyes. Therefore, it can be used directly as it is natural light. On the other 

hand, direct usage of daylight on sunny days is too dazzling, and in many cases it cannot be 

used for working indoor environment. In order to conserve energy, it is necessary to install 

reflectors, artificial lighting equipment and windows for this research. One of the biggest 

consideration in this research is the factor of sunlight which varies depending on the season and 

time zone. For example, in Akita City, the altitude of the sun (the angle between the sunbeam 

and horizontal plane) is about 75 in summer noon, whereas it is only 30 in winter and thus it 

varies according to seasons [10]. As the strength of sunlight varies depending on the season and 

time zone, it is necessary to be able to freely change the width and angle of the blind shaped 

reflectors placed under the window. 

In this research, in order to develop a window system capable of utilizing daylight and shielding 

strong light which varies depending on the season, I have created an illuminance distribution 

simulator that can perform under these complex conditions. The features that were considered 

are listed below. 

 The size of the room can be freely changed 

 The type of light source of lighting fixtures can be selected 

 Windows can be installed on the wall  

 The size of the window can be freely changed 

 The type of sunlight entering through the window (direct light or diffused light) and 

strength can be changed 

 Change in solar altitude for each season can be simulated 

 The number of blind reflectors can be freely changed 

 The width and angle of the blind-shaped reflectors can be freely changed 

 Illuminance distribution can be calculated automatically 

 

3．Concept of light (surface light source) incident from the window 

This simulator can deal with natural light which enters through the window as can be seen in 

Fig. 3-1. And the 3D coordinate system of model space simulation is shown in Fig. 3-2. Here, the 

concept of light (surface light source) incident from this window will be described. 

In this study, the window that I installed in this simulation program has very good transmittance 

ability. And the light beam that will transmit through the window will be directed to the ceiling 

and will be reflected there. As a result, the light will be simulated as a sum of point light sources 

as shown in Fig. 3-3.  
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Fig. 3-1 Solar altitude and incident light from the window 

 

 

Fig. 3-2 Model space simulation 

 

window φ

φ : solar altitude
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The point light sources are selected by 2 coordinates of axes Y and Z on the window surface as 

shown in Fig. 3-4 [11]. e.g. A point P (y, z) on the window is selected in a way, where y and z 

fulfill the conditions of 40≤y≤300 and -70≤z≤70 (the other is -300≤y≤-40 and 

-70≤z≤70)respectively where the size of one window is 2.6×1.4 m. The point P is selected by 

generating random numbers and the natural light that comes through window is simulated. The 

number of calculations is set as 50,000,000 times for each window. This calculation number is 

larger than that of fluorescent lamp as it is a surface light source compared to a point light 

source. The angle of photon flux will be changed according to the sunlight elevation angle. For 

a cloudy day, the light source is modeled with random numbers with diffusion light.  

 

Fig. 3-3 Surface assumed as a collection of point light source 

 

Fig. 3-4 Determination of a photon flux point (for one window) 
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3-2 Operating procedure of the illuminance distribution simulator 

 

The illuminance distribution simulator operates with the flow as shown in Fig. 3-5. Each 

specific operation method will be described in the operation procedures (1) to (9).  

 

(1) Dimension input of model space  

When constructing the model space, a simulation model as shown in Fig. 3-6 (b) can be 

constructed by inputting the height, width and depth of the room from the keyboard as 

numerical values as shown in Fig. 3-6 (a). It is also possible to increase or decrease the value 

 

Fig. 3-5 Flow chart of illuminance distribution simulator 
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with the arrows at the right end of the text box. With this, I can simulate room in any size. 

 

(2) Reflectance input  

Here, it is possible to freely input the reflectance of the wall, the ceiling, and the work surface. 

In this study, I have set the values based on a typical laboratory at Akita University for the 

simulation. The reflectance was set at 80%, 70%, 40% after investigating the materials used 

such as laboratory walls and ceilings [12]. 

 

(3) Window input 

This research is based on a typical laboratory at Akita University and two windows were 

installed on the wall as shown in Fig. 3-8 (b). The dimension of the window to be set on the wall 

was inputted as a numerical value from the keyboard as shown in Fig. 3-8 (a). In the actual 

simulation, simulation was performed by assuming the window as a surface light source. The 

efficiency of the surface light source and the number of luminous fluxes were inputted in the 

form as shown in Fig. 3-8(a). 

 

 

    

(a) Input form                  (b) Model space 

Fig. 3-6 Model space input 

 

 

Fig. 3-7 Reflectance input 

54

Akita University



(4) Solar angle input 

Unlike previously created simulators, the simulator in this research can simulate the sunlight 

from windows for energy saving. However, solar altitude angle and solar azimuth angle change 

depending on the season and time zone. Therefore, it is necessary to investigate solar altitude 

angle and solar azimuth angle when in actual simulation. The solar altitude used in this 

simulation is the solar angle at Akita University which will be further explained later. Here, the 

height and azimuth of the sun are inputted numerically from the keyboard as shown in Fig. 3-9. 

 

 

 

  

     

(a) Input form                         (b) Window 

Fig. 3-8 Window input 

 

 

 

 

Fig. 3-9 Input form for solar altitude angle and solar azimuth angle 
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(5) Setting of reflector 

Fig. 3-10 (a) shows the mechanism for controlling daylight entering from the window. As shown 

in the figure, dazzling sunlight coming from the window is reflected to the ceiling by blind 

reflectors, and it is supplemented as indoor lighting as diffused light. Reflectors are installed as 

shown in Fig. 3-10 (a), and the angle can be freely changed, thereby controlling incident 

sunlight. Further explanation will be made in Chapter 4. Here, numerical values related to the 

blind-shaped reflection plate installed in the window are inputted from the keyboard as shown 

in Fig. 3-10(b). 

 

 

  

(a) Using of daylight 

 

 

    

(b) Input form 

 

Fig. 3-10 Setting of Reflectors  
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(6) Setting of lighting 

All lighting makers disclose the light distribution curve of the lighting equipment of their 

companies and light characteristics (light source, light flux, instrument efficiency, etc.) in 

catalogs, etc. 

In this research, the light distribution characteristics of the lighting equipment used are 

downloaded from the company catalog, and the file is automatically read by the simulator. Here, 

I use luminaires efficiency and luminous flux etc. from the catalog and input it in the form 

shown in Fig. 3-11. 

 

(7) Input of surface elements  

As shown in Fig. 3-12 (a), the size of the surface element is set to an appropriate size with 

respect to the dimension of the model space. In this research, surface element is the element unit 

area of a work surface, the smaller the surface element is, the higher the accuracy of the 

illuminance distribution chart is, and the lighting environment will look more beautiful. For 

example, as shown in Fig. 3-12 (b), when the size of the work surface is 600 x 600 cm2 and the 

size of the surface element is 50 x 50 cm2, the room is divided by 12 x 12 and the illuminance is 

calculated and the illuminance distribution chart is made. When measuring the surface element, 

the illuminance of surface element can be calculated by measuring the illuminance at four points 

of the surface element square as shown in Fig. 3-12 (b). The calculation method is described in 

section 3-3-1. 

 

(8) Illuminance calculation and result data storage 

After setting the above conditions, calculation is initialized by clicking the “Calculation” button 

as shown in the form of Fig. 3-13. The result is displayed in the text box after calculation is 

completed. When you press the save button, the result is saved as csv file in a predefined path 

on the computer. When you press the end button, the program will end automatically. 

 

(9) Illuminance distribution chart 

In order to make a good lighting environment in this research, an illuminance distribution chart 

was made from the result obtained explained in the previous section. An example of the 

resulting illuminance distribution chart is shown in Fig. 3-14. From this illuminance distribution 

chart, you can see the lighting condition of the work surface. This research creates illuminance 

distribution map in MATLAB. 

MATLAB is the abbreviation of Matrix Laboratory, a commercial mathematical software 

produced by the The MathWorks company in the United States. Compared with other software, 

its matrix calculation and graphic processing are the strengths of MATLAB [13]. 
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Fig. 3-11 Input form for lighting information 

 

 

    

(a) Input form for surface elements 

 

 

(b) Example of surface elements 

 

Fig. 3-12 Surface elements 
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Fig. 3-13 Illuminance calculation and result storage 

 

 

 

Fig. 3-14 An example of illuminance distribution chart 
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3-3 Validation of illuminance distribution simulator 

 

In this work, I have imitated the fluorescent light, window, reflector and natural light sources by 

using the Monte Carlo ray tracing method. And finally, after the simulation, the luminous 

distribution for the model room was calculated. The simulation results were compared with the 

measured data and our simulation works were evaluated. 

 

3-3-1 Verification of luminaires  

 

Originally, luminaires have elements of length, width and thickness, but in the developed 

illuminance distribution simulator, in order to speed up the calculation, the luminaires are 

handled as point light sources which does not have any size. Therefore, it is necessary to verify 

how much the actual illuminance distribution can be reproduced by the illuminance distribution 

obtained by the simulation. Thus, I actually measure the illuminance distribution in the actual 

room, and verified the validity through the comparison with the simulated value. 

 

1：Characteristics of lighting equipment 

The lighting equipment used is a reverse Fuji type that is often used in offices, schools, etc. The 

fluorescent tubes of the light source are straight tube fluorescent tubes (length 1.194 cm, tube 

diameter .0.032 m). The total luminous flux is 7040 lm, and the instrument efficiency is 90.2%. 

The image of the lighting equipment used for the actual measurement is shown in Fig. 3-15, and 

the light distribution characteristics are shown in Fig. 3-16. 

 

 

 

 

 

 

Fig. 3-15 Image of lighting equipment [14] 
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2：Measurement condition  

The actual measurement model is shown in Fig. 3-17. Luminaires are set directly 200[cm] 

above the center of the floor. On the width 6.0 [m] × depth 6.0 [m] floor surface, the 

illuminance distribution was measured by a 4 point method using an illuminometer (ANA-F11 

manufactured by Tokyo Koen Denki), equally dividing the surface into 12 × 12 squares. As 

shown in Fig. 3-18, the calculation method of the four point method measures the illuminance 

with four square points of the surface element and calculates the illuminance of the surface layer 

by using the expression on the right [15]. In order to measure the illuminance of only direct 

light from the lighting equipment, measurements were performed in the night and exterior lights 

were blocked from entering the room. 

 

 

 

 

Fig. 3-16 Light distribution characteristics [14] 
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3：Simulation conditions  

A simulation model was created under the same conditions as the actual measurement described 

above and calculation was performed. As the number of calculations (the number of rays 

emitted from the light source) is increased according to the calculation principle explained 

above, the accuracy of the illuminance distribution chart increases. Along with that, the 

calculation time is increased. In this research, in order to achieve both accuracy and speed of the 

simulator, I set number of calculation as 20 million times per light ray. 

 

 

 

Fig. 3-17 Measurement model (lighting) 

 

 

Fig. 3-18 Four point method [15] 
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4：Result comparison 

Figures 3-19 (a) and (b) show the illuminance distributions of actual and simulated values. In 

Table 3-1 and Fig. 3-20, the measured values and simulated values were compared. It can be 

considered that the trend of the illuminance distribution of the measured values can be 

reproduced in the simulation value as a whole. When the average relative error of each cell with 

respect to the measured value was obtained, the value was 8.3%. This value is very close to the 

simulation value. From this result, even if the lighting equipment are handled as point light 

sources on the program, when the distance of the light source is sufficiently far away from the 

measurement place, it can be said that the program for illuminance distribution can imitate the 

real lighting environment. 

Observing at the value of each illuminance in Table 3-1, the actual measured value is higher 

than the simulation value as a whole, and it gives a bright impression. As a cause of such a 

difference, the measurement was made assuming that the reflectance was 0% at the time of 

measurement, but in actual, it is thought that there was an influence of the reflection of the 

surface and a slight infiltration of light from the outside. A dark room is necessary to eliminate 

these effects. 
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 (a) Measurement value        (b) Simulation value 

Fig. 3-19 Illumination distribution (lighting) 

 

Table 3-1 Comparison of the results (lighting) 

 
illuminance values [lx] uniformity of 

illuminance maximum minimum average 

Measurement 

value 
403 61 152 0.40 

Simulation value 407 56 150 0.37 

 

 

 

Fig. 3-20 Comparison of the results (lighting) 
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3-3-2 Window validation 

 

The biggest change compared to the previous simulator in our laboratory is that the blind 

reflector can be installed in the windows and use the sunlight from the windows. Therefore, it is 

necessary to verify how much actual illuminance distribution can be reproduced by the 

illuminance distribution obtained from the surface light source in the simulation. Therefore, I 

measured the illuminance distribution in the actual room, and verified the validity by 

comparison with the simulation value. 

 

1：Measurement condition  

In order to verify the validity of the window, I measured the illuminance distribution of the 

work surface in a laboratory with a width 6.0 m × depth 7.0 m × height 2.7 m as shown in Fig. 

3-21. The work surface should be 0.7 m above the floor. For the measurement method, the 

illuminance was measured using an illuminometer with the 4 points method described in the 

previous section, and created an illuminance distribution chart. However, based on the actual 

measurements, as the amount of incident light quantity varies according time, it is difficult to 

measure when there is direct light. Also, simulating natural diffused light with the Monte Carlo 

ray tracing method, one can confirm that indoor reflection and light route tracking are correct. 

In the case of direct light, it only unifies the direction of the light emitted from the window in 

one direction, that is, if it can be verified in the case of scattered light, it can be confirmed for 

the case of direct light. Here, I measured the illuminance distribution in the target room, without 

direct light nor reflector and lighting fixture attached (Fig. 3-22). 

 

Fig. 3-21 Measurement model (Window) 
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2：Simulation conditions  

In the simulation, I simulated an actual laboratory and created an interior space with a width 6.0 

m × depth 7.0 m × height 2.0 m, similar to the actual environment, and I installed two windows 

on the wall. Luminaires were not installed on the ceiling because I are verifying the validity of 

window. The window emits light as a surface light source. The actual measurement was 

measured in the condition without direct light, that is, on a cloudy day. So, the light radiated 

from the surface light source in the simulation is scattered light and simulates the window by 

 

Fig. 3-22 Measured conditions (Day lighting form window) 

 

 

Fig. 3-23 Light emission from window (cloudy) 

 

window

scattered light
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using the Monte Carlo ray tracing method (Fig. 3-23). Here, I verify the validity of the window 

by comparing the simulated result with the measured value. 

3：Result comparison 

I have performed the simulation works for daylight and without any fluorescent tube for 

our model room. The results of the calculation and the measured data are shown in Fig. 

3-24 and their comparison can be found in Fig. 3-25 and Table 3-2. From these figures, it 

is obvious that the simulation results fit well with the measured data. The values of the 

illuminance from the simulation and the measured data show very good correlation. 

Thus, using daylight in interior illumination by simulating with the Monte Carlo method 

is achieved. It is hopefully possible to use daylight as an illumination tool for producing 

an eco-friendly illumination system. 

By comparing the actual measurement value with the simulation value, the mean 

relative error of each cell with respect to the measured value is 8.7%, and it can be said 

that a simulation close to the actual measurement value is achieved. I assumed that the 

error is caused by the amount of light flux entering from the window which varies with 

time and it was confirmed from the slight difference seen in the flux amount of actual 

measurement simulated measurement. From this, I believe that natural light can be 

simulated by this system.  

 

 

 

 

 

(a) Measurement value            (b) Simulation value 

 

Fig. 3-24 Illumination distribution (window) 
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Table 3-2 Comparison of the results (window) 

 
illuminance values [lx] uniformity of 

illuminance maximum minimum average 

Measurement  

value 
792 131 308 0.43 

Simulation  

value 
817 150 335 0.45 

 

 

 
Fig. 3-25 Comparison of the results (window) 
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3-3-3 Verification of reflector effectiveness 

 

1：Simulation conditions 

Before simulating, it is necessary to verify the effectiveness of the reflector in the verification of 

the window. So, here I used a simulator to confirm the effectiveness of the reflector. The image 

of the reflector is shown in Fig. 3-26. Here I simulate the sun and reflector under the following 

conditions. 

 The number of reflectors is 20 

 The distance between the reflectors is 0.07 m 

 The length of the window reflectors installed on it was set to 2.6 m so that the incident light 

can be reflected to the ceiling. 

 The width of the reflector is 0.1 m 

 Reflector angle is -23.0° 

 Solar altitude angle is 65° 

 Solar azimuth angle is 180° (facing south) 

 

2：Results 

In the previous section, I have explained about the development of a simulator which uses 

natural light entering from the window. So, the window has turned into a light source in our 

simulation work and I assumed it to function as a surface light source. The simulation results 

will be compared with both the conditions of without reflector and with reflector. Thus the 

utility of the reflector will be evaluated. Fig. 3-27(a) shows the luminous distribution of the 

model room with no reflector in bright daylight. And Fig. 3-27(b) shows the same results from 

the simulation works of the model room with window shade reflector.  

  

 

Fig. 3-26 Image of reflectors 

window reflectors

2.6 m

a piece of reflector
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For the condition without reflector, it can be seen that the sunlight enters the room from the 

window directly and it caused a concentration of luminance near to the window side of the room. 

The light contrast of the room is very large especially near the window for working surface and 

it cannot provide a uniform illuminance to whole room. It can create stress and tiredness to 

human body and eyes and will certainly cause bad effect in working environment. 

But by using reflector in the window, these problems can be solved which can be seen from Fig. 

3-27(b). The dazzling light rays are reflected to the ceiling by the reflector beside the window 

and then it is simulated as diffusion light to the whole room, which produces a reasonable and 

good illuminance distribution. The comparison of the results is shown in Table 3-3. From these 

results, it can be said that to use natural daylight for interior illumination, it is necessary to use 

reflector in a window. 

 

 

 

  

(a) No reflector        (b) With reflector 

Fig. 3-27 Illumination distributions (With or without reflector) 

 

 

 

Table 3-3 Comparison of the results (With or without reflector) 

 
illuminance values [lx] uniformity of 

illuminance maximum minimum average 

Measurement  

value 
19281 209 2725 0.07 

Simulation  

value 
1267 811 1099 0.73 
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3-4 Basic knowledge of interior lighting design 

 

In this research, when I create an illuminance distribution simulator, I need basic knowledge of 

lighting design and the procedures involved. In addition, it is necessary to decide the lighting 

standard necessary for lighting design in an actual office. These points are explained in this 

chapter. 

 

3-4-1 Purpose and requirements of lighting design[16~21] 

 

The goal of lighting design is to select light sources and lighting equipment with illuminance needed 

by different indoor and outdoor environments, determine reasonable lighting forms and layout plans, 

and create a reasonable and high quality light environment to meet the requirements of work, study 

and life. Residential indoor lighting is to solve people's needs in life, work and study. And it is to 

improve the artistic quality of indoor space environment and make people’s lives better. The 

following requirements are to be considered when designing lighting to create an illumination 

environment suitable for these purposes.  

 

1. Appropriate illuminance 

The lighting design must conform to the national standards for lighting and ensure that the 

indoor space has a suitable illumination. In general, high illuminance is necessary when there is 

movement or when the size, brightness contrast and reflectance of the subject which is observed 

by a person are small. And it is effective to increase the illuminance when trying to increase the 

accuracy and speed of visual work.  

For example: A place like living room, occasions of having guests or family parties, when 

working or studying, illuminance should be a little higher. Illuminance should also be higher in 

dining room to prevent accidents relating to food and plates. And the bedroom illuminance 

should be low, for people to rest better. 

 

2. Appropriate light color and color rendering properties 

I should try to make use of the types of lighting, lighting equipment and light colors to create an 

environment-friendly atmosphere and improve spatial sense. For example, a strong, 

concentrated contrast of luminance can be produced by using a projective lamp, which will 

make indoor space lively and active. Using the light trough produced by reflective lamp, the soft 

light color will create a peaceful, relaxed and cordial atmosphere. The classical lamps will 

produce a more gorgeous and elegant atmosphere. The use of simple lamps and lanterns can 

create a simple and flat atmosphere. The use of low color temperature warm light in cold areas,  

high temperature and cold tone light source in hot areas, can create an indoor with harmonic 
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colors filled with warmth. Lighting can also make people feel different about their surroundings. 

Generally speaking, rooms with high brightness feel more spacious while dark rooms with low 

light feel a little smaller. When the light is used as the whole lighting of the space, the space will 

feel bigger, and people will feel pleasant. 

 

3. Appropriate uniformity 

If there is a sudden change in the illuminance level in the space, deterioration of the visual 

function occurs or the feeling of uneasiness becomes large due to delay in adaptation of the 

visual system and insufficient time for adaptation, a person will feel less comfortable. In 

addition, it is desirable for the illuminance in a room to be as uniform as possible, since the 

arrangement of the objects like desks cannot be determined in advance or the arrangement may 

be changed depending on its purpose. It is desirable that the change in the illuminance 

horizontal plane on the work surface is as small as possible and in cases of using lighting system 

in office or the like, the uniformity of the illuminance in the work plane which is calculated by, 

degree = minimum illumination / average illuminance needs to have a value of 0.6 or more. 

Also, when selecting uneven lighting methods like the ambient lighting method, the illuminance 

required depends on the type of work but generally 250 to 600 lx is required except for visual 

work. 

 

4. Prevention of glare  

In order to avoid unpleasant glare from lighting fixtures and windows during the day, non-glare 

lighting equipment are selected according to the purpose and blinds etc. are set up in the 

window. 

 

5. Harmony of artificial light and daylight 

It is necessary to harmonize artificial light and daylight in when using natural light on places 

such as table surfaces and atelier. It is especially important to pay attention to each of the 

object’s illuminance and balance, direction and color of light. In this research, I adopted a 

daylighting system that attaches a blind type reflectors on the window that guides natural light 

taken from the reflector to the inside of the room, and irradiates the interior from the ceiling 

surface, so that it is possible to incorporate more natural light to the whole room. The merit of 

introducing natural light is not only energy saving effect by drastically reducing power 

consumption but also high comfortable visual environment beneficial in terms of health and 

hygiene. 

 

6. Creating an eco-friendly environment 

Energy conservation and emission reduction are important measures for mankind to protect the 
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environment while sustaining development. For this, it is important to select energy-efficient 

lighting fixtures and light sources and knowing how to maintain them. 

The design of indoor lighting should consider the factors of energy saving and emission 

reduction. I should choose lighting lamps with high light efficiency, less power consumption 

that last long. Due to the high power consumption and short life of incandescent lamps, its 

usage should be avoided as the lighting of residential area in the future. Furthermore, when 

setting the brightness of the light, it is necessary to take in the factors of the place and time 

where it is installed in order to operate it with minimum energy consumption. 

 

3-4-2 Office lighting standards 
 

With the development of society, the demand for lighting technology in office buildings is 

getting higher and higher. As far as the work of the office building is concerned, an office (such 

as the drawing office) can be divided into general offices and offices with special working 

conditions. Therefore, the lighting design of office building should be considered according to 

the specific work requirements. In this research, I have created a simulation for the office 

environment, and kept lighting design in line with office lighting standards.  

The office lighting is defined by the CIE (International Commission on Illumination) 「Indoor 

Illumination Standard (CIE Standards 008) 」and the recommended standard is decided by the 

lighting committee of each country. The design of office lighting should enable the staff to work 

effectively. As the interest and enthusiasm to improve work efficiency are all influenced by 

environment, I must consider improving office lighting to achieve a harmonious working 

environment. Illumination standards which are considered to be particularly important are 

described here. 

The lighting standard is the most important item in the process of lighting design. The lighting 

standards related to this research are as follows.  

① Illuminance 

   The illuminance shows the average value of the horizontal plane illuminance including 

the recommended maintenance rate for each type of room in each area. When the work 

surface is not specified, it is assumed to be a virtual horizontal surface value of 0.8 m 

above the floor. As I are doing this research in an actual laboratory, the work surface was 

set as 0.7 m above the floor. 

In a general office, people and documents most commonly enter a worker’s vision. 

Among these, the visual acuity of facial expression is the lowest and has the brightness 

of 20cd/m2. That is to say, the minimum illuminance required for a person to see a face is 

200lx, which usually requires 500-750 lx (the average reflection ratio of the face's skin is 

30%). In addition, when reading words under the conditions whereby the size of the 
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general word is 3-4mm2 and the eye distance is 30cm, the required illumination is about 

500-800lx. Table 3-4 shows the maintenance illuminance of the work surface during 

indoor activities, and Table 3-5 shows the illumination standard of the office space. 

Based on these information, the desired illuminance of this research is 500 lx or more.  

② Uniformity of illuminance 

When there is a large change in an office’s illumination distribution, it is easy for human 

eyes to have visual fatigue and discomfort when observing objects. Therefore, it is 

desirable that the change in the horizontal surface illuminance on the work surface to be 

as small as possible, and in the case of the general lighting system in the office area or 

the like, it is necessary to set the uniformity (minimum illuminance / average 

illuminance) of the illuminance of the work surface to be 0.7 or more. 

 

 

 

 

 

 

 

Table 3-4 Maintained illuminance for work surface when doing indoor activities [21] 

Area, type of work or activity 

Maintained 

illuminance 

 [lx] 

Uniformity 

(Minimum illuminance / 

average illuminance) 

Warehouse, very coarse visual work, emergency 

stairs 

100 

0.6 or more 

Places where work is not done continuously 150 

Rough vision work, room where work is done 

continuously (lowest) 

200 

Somewhat coarse visual work 300 

Ordinary visual work 500 

Somewhat precise visual work 750 

Precise visual work 1000 

Very precise visual work 1500 

Ultra precise visual work 2000 
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Table 3-5 Lighting standard of office space [21] 

Area, type of work or activity 
Maintainance 

illuminance [lx] 
Uniformity 

Type of work 
Design and drafting 750 

0.6 or more 
Keyboard operation, calculation 500 

Working 

space 

Design room, drawing office 

750 

not decided 

Office 

Boardroom 

Training room・data room 

Examination room 

500 

Printing room 

Electronic computer room 

Kitchen 

Central monitoring room, control room 

Guard room 

Reception area 

Shared space 

Entrance hall (daytime) 
750 

Reception lobby 

Meeting room, assembly room 

500 
Presentation room 

Lounge 

Reception room 

Night guard room 

300 Dining hall 

Restroom 

Tea room, office lounge, hot water 

boiler room 

200 Electric room, machine room 

Archive 

Changing room, toilet, washroom 

Staircase 150 

Restroom 

100 
Corridor, elevator 

Warehouse 

Entrance hall (night time) 

Indoor emergency stairs 50 
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Chapter 4 

Evaluation of lighting environment (Without any direct sunlight) 

 

In previous chapter, it is clear that the simulation results can easily imitate the illumination 

condition for the model room when there are illumination tools at ceiling or window at wall. The 

ultimate goal of this research work is to use natural light in interior illumination system. Now, I 

will compare the illumination condition of the model room with natural light and without natural 

light. In order to use natural light as described previous chapter, a window shade of blinds which 

acts as reflector to the incident sunlight is necessary. But on a cloudy day, the incident light 

through the window is not dazzling and it can be used without any reflector on the window. So in 

this chapter, I will discuss about the possibilities of the decrease in power consumption for the 

model room while using the natural light on a cloudy day. I will elaborate the simulation results 

for fine day in the next chapter. 

 

4-1 Simulation conditions 

  

Before explaining about simulation procedures, simulation conditions will be explained first. 

 

1：Lighting standard [1] 

As mentioned in the previous chapter, by referring to the「Lighting Standard JIS Z 9110: 2010」

of the Japanese Industrial Standard (JIS), the lighting standard of this research is over 500 lx for 

the illuminance on the indoor work surface. The illuminance criterion is satisfied when the 

uniformity (minimum illuminance / average illuminance) is 0.7 or more in the range is more than 

1 m from the wall surface. (Table 4-1) 

 

 

 

 

 

Table 4-1 Lighting Standard (Office) 

Illuminance[lx] 500~ 

Uniformity 0.7~1 
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2：Model space 

Fig. 4-1 shows the outline of the model space used for simulation. The model space is assumed 

to be an office space, and a simulation was conducted using a work surface of 0.7 m above the 

floor as work surface. As described in the previous section, the reflectance of each surface should 

be 80% for the ceiling surface, 70% for the wall surface and 40% for the work surface [2-4]. On 

one of the wall surfaces, two windows of 2.6 m × 1.4 m were installed at the same height as 

shown in Fig. 4-2. In this study, the number of calculation set per window is 50 million to achieve 

an optimum accuracy of illuminance distribution and calculation time. In addition, the surface 

element was 0.2 m × 0.2 m in size, and the observation surface was divided into 1050 regions of 

35 rows × 30 columns to obtain the illuminance. 

 

 

 

Fig. 4-1 Overview of the model space 

 

Fig. 4-2 Placement and dimension for windows 
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3：Lighting equipment  

In the simulation, the light fixtures are installed on the ceiling surface of the model space. The 

installed luminaire is a Hitachi HNM 4205 V fluorescent lamp actually used in the general 

office as well as the writer’s working laboratory. This has a total luminous flux of 7400 lm, 

instrument efficiency of 90.2%, and power consumption of 64 W [5]. In addition, the number 

of calculations per lighting fixture is 20 million cycles which is the optimum trade-off between 

the accuracy of illuminance distribution and calculation time. The image of this light fixture is 

shown in Fig. 3-15 in the previous chapter and the light distribution curve is shown in Fig. 3-

16. The actual laboratory fluorescent lamp arrangement is shown in Fig. 4-2. And the size of 

the surface element as shown in Fig. 4-3. 

 

 

 

 

 

 

 

Fig. 4-3 Room model 
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4：Window conditions 

In this study, an illumination distribution simulator which simulates the reflection of light incident 

of daylight window was created. Here, I will explain the idea of the window when there is no 

direct light (eg. cloudy). When light coming from the sun to the earth from outer space, it hits 

various particles and molecules in the atmosphere and scatters. This concept applies for windows 

too especially on cloudy days, by considering the window as a surface light source and light 

radiated from the surface light source will be scattered light. As shown in Fig. 4-4, a window is 

installed on the wall surface and light that enter through the window become scattered light due 

to interaction of sunlight and fine particles in the air.  

By making measurements, one should know that the intensity of the scattered light fluctuates 

irrespective of season and time. In this study, in order to measure the luminous flux entering the 

room without direct light, the amount of luminous flux entering from the window was actually 

measured on three cloudy days before and after summer solstice, the winter solstice and the 

autumn equinox respectively in a classroom at Akita University. The measured average value was 

10273 lm. Based on this result and by making actual calculation, the amount of light flux for 

simulation was set to 10000 lm in the direction of the window. 

 

 

 

 

Fig. 4-4 Light emission from window (no direct light) 
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4-2 Installation method of lighting equipment 

 

Under the above conditions, at first, the illuminance distribution chart was measured when light 

enters from window without artificial lighting on a cloudy day as shown in Fig. 4-5. Fig. 4-6 

shows the measured values of the illuminance distribution on basis of the classroom window 

without direct light. Based on the illuminance distribution chart, it can be observed that only the 

illuminance at the windows satisfied the lighting standard. Therefore, it is necessary to lighten up 

the room. 

 

Fig. 4-5 Distribution diagram of lighting equipment (0 lights) 

 

 

Fig. 4-6 Illuminance distribution chart (measurement) 
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The lighting fixtures arrangement is shown in Fig. 4-7(a ~ i). In the case of less than 9 lights, I 

 

(a) 9 lights                            (b) 8 lights 

 

(c) 7 lights                            (d) 6 lights 

 

(e) 5 lights                            (f) 4 lights 
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will reduce it one by one under the sunlight to observe the result. 

There are obviously other ways to arrange the lights, but as a result of actually simulating a 

combination of various lights and windows arrangements, the above shows the arrangement of 

lights with the highest ratio of uniformity. 

 

 

 

 

 

 

 

 

 

 

(g) 3 lights                            (h) 2 lights 

 

(i) 1 light 

Fig. 4-7 Arrange method of lights 
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4-3 Evaluation of lighting environment 

 

Based on the simulation conditions described in 4-1 and 4-2 in this research, I simulated the solar 

altitude in the model space for each of the four seasons. The results are shown in Fig. 4-8 and 

Table 4-2. 

 

 

 

 

(a) 2 windows with 1 light 

 

 

 

(b) 2 windows with 2 lights 
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(c) 2 windows with 3 lights 

 

 

 

(d) 2 windows with 4 lights 

 

 

 

(e) 2 windows with 5 lights 
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 (f) 2 windows with 6 lights 

 

 

 

(g) 2 windows with 7 lights 

 

 

 

(h) 2 windows with 8 lights 

 

87

Akita University



 

Looking at the illuminance distribution diagram in Fig. 4-8, it was found that when the artificial 

lighting and day-lighting from the window (without direct light) are used at the same time, the 

lighting environment in the room becomes brighter and steadier as the number of lighting 

increases. It can also be observed that the brightness on the window side is the brightest. 

Furthermore, in order to make better comparison, the data in Table 4-2 is graphed into Fig. 4-9 

(illuminance) and Fig. 4-10 (uniformity).  

 

 

 

(i) 2 windows with 9 lights 

Fig. 4-8 Simulation results (no direct light) 

 

Table 4-2 Comparison of the results (no direct light) 

Number of 

windows 

Number of 

lights 

Maximum 

illuminance 

[lx] 

Minimum 

illuminance 

[lx] 

Average 

illuminance 

[lx] 

Uniformity 

2 9 1495 590 947 0.62 

2 8 1473 569 874 0.65 

2 7 1242 566 842 0.67 

2 6 1188 631 859 0.73 

2 5 1154 612 772 0.79 

2 4 1113 475 710 0.67 

2 3 1088 370 599 0.62 

2 2 1060 323 526 0.61 

2 1 1065 199 492 0.41 
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Fig. 4-9 shows that the maximum illuminance, the minimum illuminance, and the average 

illuminance decrease as the number of lighting fixtures decreases. Therefore, when decreasing 

the number of lights from 8 to 7, the maximum illuminance suddenly decreased, but the curve of 

minimum illuminance and average illuminance does not show this tendency. This is probably 

because under the conditions of 8 lights and 9 lights, the lighting fixture on the window side was 

turned on, so light reflected from the window side and other places increased the light intensity 

of the light directly under the lighting fixtures. In the case of 7 lights (Fig. 4-8 (g)), since the light 

on window side was not turn on, I believe that this factor contributed to the sudden decrease in 

maximum illuminance on the window side. 

Fig. 4-9 Comparison of the results of illuminance (no direct light) 

Fig. 4-10 Comparison of the results of uniformity (no direct light) 
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Also, looking at the curve of the minimum illuminance, in the case of 4 lights or less, the minimum 

illuminance is smaller than the illuminance standard 500 lx, so I think that it is necessary to have 

more than 4 lights in this room. Looking at the diagram of uniformity in Fig. 4-10, only the 

conditions of 5 lights and 6 lights obtained the lighting standard of more than 0.7. In the case of 

9 lights, 8 lights and 7 lights, the illuminance was sufficient, but the uniformity of the whole room 

was lowered conversely. So, when lighting from the window, I think that it is necessary to attach 

an appropriate number of lighting equipment. If the number of lighting is insufficient, light for 

room lighting becomes insufficient, and if the number of lighting is too big, the uniformity of the 

whole room becomes low. 

 

4-4 Consideration on power consumption 

 

Here I will explain about the evaluation of amount of power consumption reduction of lighting. 

Before evaluating the power consumption of lighting fixtures, the environment of the experiment 

has to be decided. Generally, from the morning to the night in the office, lighting fixtures are used 

constantly during the operation time and in this case, 9 lights are arranged evenly on the ceiling, 

and the a lighting environment where no light enters through the window is set up. In other words, 

this is the lighting environment of a workplace in the night. The light fixtures were arranged as 

shown in Fig. 4-11. Fig. 4-12 shows simulation results when lighting fixtures are installed. The 

data is shown in Table 4-3. Here, the power consumption of one lighting fixture is 32 × 2 = 64 W. 

 

 

Fig. 4-11 Distribution diagram of lighting equipment (9 lights) 
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The data in the above table, the illuminance is over 500lx and the uniformity is more than 0.7 for 

all the tested conditions, so it meets the illuminance standards. Based on this, it is compared with 

the power consumption when light enters from the window (5 lights and 6 lights). In the case of 

six lamps, the power consumption can be reduced by (576-384) / 576 = 33%, and in the case of 

five lamps, the power consumption can be reduced by (576-320) / 576 = 33%. 

As a result, in the absence of direct light, it is possible to reduce the power consumption by 33% 

or more by using an appropriate light in a lighting system comprised of windows and lighting 

fixtures. 
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Chapter 5 

Evaluation of lighting environment for direct sunlight 

 

For a bright sunny day, the direct incident sunlight from the window is too dazzling for one to 

use it without any reflector. By using a reflector, the sunlight from the window is reflected to the 

ceiling by reflectors at window and at the ceiling it will be diffused and spread to the room. 

Thus, the natural light can be used. In this chapter, we will discuss about the possibilities of 

decreasing power consumption for the model room while using the natural light on fine days for 

the whole year. 

 

5-1 Simulation method  

 

Before running simulation for all seasons, I would like to explain about the simulation 

conditions. As shown in Section 4-1, the illumination standard of this research is over 500 lx for 

the illuminance on the indoor work surface and the ratio of uniformity (minimum illuminance / 

average illuminance) is above 0.7. The preparing of simulation model of lighting equipment 

setup, etc. are all the same as the simulation in the previous chapter. Also, since the light source 

enters the room with dazzling sunlight from the window, it is necessary to attach blind-shaped 

reflectors to the window as shown in Fig. 5-1. Total sunlight entering through the window are 

 

Fig. 5-1 Simulation Model for sunny day 
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reflected to the ceiling through the reflectors as shown in Fig. 5-2. Furthermore, in consideration 

of practicality, the number of blind reflection plates is set to 20 pieces as shown in Fig. 5-3, and 

the interval d between the slats is set to 0.07 m. A specific explanation of the reflector will be 

described later. 

 

 

Fig. 5-2 Concept of using day light as illuminance system 

 

 

Fig. 5-3 Diagram of reflectors 
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5-2 Conditions for sunlight 

 

1：Angle of sunlight 

Since the earth revolves around 23.5° from the direction perpendicular with respect to the 

revolution plane, the azimuth of the sun changes throughout the cycle of 1 year [1]. The earth 

revolves the sun at almost the same place on the same day of every year. It means that summer 

and winter happens on almost the same day in each year. This concept also applies on the 

temperature which is high or low on roughly the same day of every year. As shown in Fig. 5-4, 

in the summer of Akita, the solar elevation angle is the highest is about 75 (12 o'clock) in 

height, and it is about 50 (12 o'clock) in the spring and autumnal. The solar elevation angle at 

the winter becomes the lowest, which is about 30° (12 o'clock) [2, 3]. Also, the azimuth of the 

sun changes with seasons and time. 

The angle of sunlight used in this simulation is the sun angle at Akita University. The longitude 

of Akita University is 39.7° and the latitude is 140.1°. Changes in solar elevation angle and solar 

azimuth angle which is based on the season and time zone of Akita University were calculated 

from this position information. In this research, daylight was used from 9 am to 3 pm in order to 

avoid problems such as glowing sunset. The average solar elevation angle and solar azimuth 

angle used in the simulation are summarized in Table 5-1 [4]. 

 

Fig. 5-4 Changes in sun altitude and azimuth angle of the day  
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2：Sunlight flux 

The amount of sunlight flux used in this study is based on actual measurement. The intensity of 

sunlight coming from the window not only relates to the time zone but also to the air humidity 

and the thickness of the cloud. Based on the measured results, it was found that the change in 

daylight illuminance is large not only on cloudy days but also on sunny days. In order to reduce 

variations in actual measurement values used for simulation, it is necessary to average measured 

data. In addition, in order to prepare a simulator that can be used for all seasons, this research 

measured the average value of the illuminance on 10 clear days before and after the summer, the 

winter and the autumn day. Table 5-2 summarizes the averaged measured data. 

 

 

 

 

Table 5-1 Solar angle with time for Akita University 

season  
 
 
 
time  

summer winter spring・autumn 

altitude 

angle 

azimuth 

angle 

altitude 

angle 

azimuth 

angle 

altitude 

angle 

azimuth 

angle 

9:00～10:00 55° 110° 20° 150° 40° 130° 

10:00～11:00 65° 130° 25° 160° 45° 150° 

11:00～12:00 75° 170° 30° 180° 50° 170° 

12:00～13:00 70° 230° 25° 190° 50° 200° 

13:00～14:00 60° 240° 20° 210° 40° 220° 

14:00～15:00 50° 260° 15° 220° 35° 230° 

 

 

 

 

 

Table 5-2 Solar luminous flux through a window [lx] 

season  
 

time  
summer winter spring・autumn 

9:00～10:00 26151.8 69287.7 41826.0 

10:00～11:00 38186.5 73352.5 63046.7 

11:00～12:00 48025.9 75656.0 75198.0 

12:00～13:00 42579.9 92249.0 71753.1 

13:00～14:00 36777.2 86609.6 55768.0 

14:00～15:00 15911.3 83251.7 50122.6 
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5-3 Consideration on reflector 

 

The solar angle varies depending on the season and time zone. Based on this information, it is 

obvious that the angle of light entering indoors from the window also changes, and thereby 

affecting the indoor lighting environment as well. The angle and the illumination environment 

may vary greatly depending on change in angle and type of the blind reflectors. 

In order to efficiently reduce the power consumption of indoor lighting fixtures by daylighting 

from the window, it is necessary to know how the change in solar position affects the change of 

the indoor environment. In order to produce a comfortable lighting environment for all 

conditions, it is necessary to consider the width of the blind reflector and the slat angle. As part 

of this preparation, the width of the blind reflector and the slat angle is obtained by calculation 

in order to confirm the characteristics of the material of the reflector. 

 

1：Material of reflector  

For the reflective materials required for this research, it is necessary for them to be able to 

efficiently reflect light and maintain high performance under high temperature and high 

luminous flux, thereby making it possible to utilize a high utilization ratio of sunlight. Many 

companies are currently developing and producing this optical reflective silicone material. By 

referring to those product characteristics, the front of the reflector for this simulation is set as a 

mirror, and the incident daylight is reflected to the ceiling with 90% specular reflection and the 

remaining light is absorbed[5,6]. 90% of the light is absorbed on the back surface of the blind 

reflector, and the remaining light is set as diffuse reflection. (Fig. 5-5) 
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(a) Front side 

 

 

(b) Back side 

Fig. 5-5 Determination of reflection and absorption  
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2：Reflector angle  

As described in Fig. 5-1~ Fig. 5-3, incident daylight is taken into the room by a lighting system 

using blind reflectors whereby its type and angle can be changed. In this research, in order to 

improve the performance and practicality of the system, incident light is reflected on the ceiling 

as much as possible. For this reason, the angle of the blind reflector is determined. 

As shown in Fig. 5-6, the reflectors are controlled by changing the angle about the innermost 

side of the reflector. The angle of the reflection plate is 0° when it is perpendicular to the 

window, position when turned upwards, and negative when turned downwards. In this 

simulation, the angle of the reflector where daylight hardly enters from the window is 𝑎𝑀𝐴𝑋 

with the maximum angle as shown in Fig. 5-7 (a). Beyond this angle, the sunlight entering the 

room will be reflected outside the window. As shown in Fig. 5-7 (c), let the minimum angle 

𝑎𝑀𝐼𝑁 be the angle at which the light illuminates the deepest part of the ceiling. When the angle 

is less than this, indoor work is affected because light is reflected on the inner side wall of the 

room. Also, in order to create a comfortable lighting environment in the room, incident sunlight 

as shown in Fig. 5-7 (b) can be reflected to the center of the ceiling. At that time, the angle of 

the blind reflector is 𝑎𝑀𝐼𝐷. 

 

Fig. 5-6 Determination of reflector angle 

 

99

Akita University



As shown in Fig. 5-7, if the size of the room is known immediately and the angle of 

incidence sunlight to the reflector is , the angles 𝑎𝑀𝐴𝑋，𝑎𝑀𝐼𝑁，𝑎𝑀𝐼𝐷 of the reflector can be 

obtained by the following equations. 

 
(a) Maximum angle of reflectors 

 
(b) Suitable angle for reflectors to reach the middle of the ceiling 

 
(c) Minimum angle of reflectors 

Fig. 5-7 Various reflected light path with different types of reflector’s angles 
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                    (5-1) 

                (5-2) 

                 (5-3) 

 

As shown in the bottom left part of Fig. 5-8, sunlight enters through the gap of the reflector 

and reflects on the reflector. This is converted to the right 3D coordinate system. At here, 

：Solar elevation angle  

：Solar azimuth angle 

：Sunlight  

：Projection of x-axis of the sun angle  

：Projection of y-axis of sun angle  

𝑎：Rotation angle of reflector 

d：Spacing between reflectors 

In this coordinate system, the distance between the reflectors is 0.07 m, and the sun angle is 

obtained from Table 5-1. Thus, OB is obtained by the following equation. 

 

Fig. 5-8 Geometric relationship between sun angle and reflectors 
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                            (5-4) 

OA can also be obtained from equation (5-4) 

             (5-5) 

Also,  and OA have the following relationship. 

                            (5-6) 

By simultaneous equations (5-5) and (5-6), projection  of the sun angle x-axis can be 

obtained by equation (5-7). 

                   (5-7) 

Likewise, the projection  of the y-axis can be obtained in the same way. However, since tan-1 

varies between -90° and 90°,  can be obtained in different ranges of Eq. (5-8) and Eq. (5-9). 

             (5-8) 

           (5-9) 

By substituting the equation (5-7) into the equations (5-1), (5-2) and (5-3), angles 𝑎𝑀𝐴𝑋，𝑎𝑀𝐼𝑁，

𝑎𝑀𝐼𝐷 of the reflector are obtained by Table 5-3. Here, the values of θ and φ are the same values 

shown in Table 5-3. 

Table 5-3 Maximum angle and minimum angle of the reflectors 

season  
 

 
time  

summer winter spring・autumn 

 MAX   MID  MIN  MAX   MID  MIN  MAX   MID  MIN 

9:00～10:00 6.7 -29.1 -30.4 33.6 -2.2 -3.5 18.7 -17.1 -18.4 

10:00～11:00 8.3 -27.4 -28.7 31.8 -4.0 -5.2 20.4 -15.3 -16.6 

11:00～12:00 7.4 -28.4 -29.7 30.0 -5.8 -7.1 19.8 -16.0 -17.3 

12:00～13:00 6.6 -29.2 -30.5 32.3 -3.5 -4.8 19.1 -16.7 -18.0 

13:00～14:00 8.1 -27.7 -29.0 33.6 -2.2 -3.5 18.7 -17.0 -18.4 

14:00～15:00 4.1 -31.6 -32.9 35.4 -0.4 -1.7 21.3 -14.5 -15.8 
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3：Width of reflector  

In determining the illuminance inside the room, one has to take account of the angle of the blind 

reflector and the width of the reflector. In determining the width of the blind reflector plate, 

reflection of the incident light in the indoor environment, incident daylight reflected by blind 

must not affect the other blinds. Therefore, it is considered that there is a limit value for the 

width of the blind, and its limit value can be obtained from the geometrical relationship between 

solar evolution angle and blind. 

Considering a daylighting system with a blind reflector attached as shown in Fig. 5-9 (a),  is 

obtained from the equation (5-7) by the projection of the x-axis of the sun angle. At that time, 

the sunlight passes through the gap between the reflecting plates a and b. Let us now consider a 

 

(a) Side view of a reflector’s structure 

 

(b) The shortest length of reflector 

 

(c) The longest length of reflector 

Fig. 5-9 Calculation of limit value of reflector 
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situation where the light beam m is reflected by the point C of the reflector b and reaches the 

ceiling. The minimum limit value of the blind width at this time is the length of the side BC. 

When the width becomes shorter than the length of the side BC, dazzling daylight passes 

through the gap of the reflector plate and it is considered to directly illuminate the workplace. 

Ray n is reflected at point B of reflector b and reaches the ceiling. If the width of the reflector a 

is too long, it will interfere with the reflected ray of ray n. In this figure, the maximum length of 

the reflector is AC'. When the blind width is longer than the side AC', reflected light reaching 

the ceiling is blocked, and the amount of daylight flux for illumination is reduced in the room. 

Therefore, in this paper we examined the width of the blind reflector. 

Fig. 5-7(b) shows the ideal optical path in the daylight passing through the window. The 

incident ray from the window changes according to the time zone and the season, but the angle 

of the reflector is adjusted so that the direction of the reflected light always illuminates the 

center of the ceiling. The reflected light ray is indicated by the side BC' in Fig. 5-9, so ∠ABC' 

is set to be constant. The value can be calculated from trigonometric functions from the office 

model in Fig. 5-7(b), indicated by ∠ABC' in equation (5-9), which is 71.5 °. 

              

               

In order to obtain the limit length of the blind reflector width, ΔABC and Δ ABC' were taken 

from Fig. 5-9 (a). As shown in Fig. 5-9 (b), the BC side is the shortest length of the reflector 

width, and from the conditional formula (5-9), BC is obtained by the sine theorem. As shown in 

Fig. 5-9 (c), the AC' side is the maximum length of the width, and BC is obtained by the sine 

theorem from the conditional expression (5-10). Here a𝑀𝐼𝐷 is the angle of the blind reflector 

and  is the projection of the x axis of the sun angle.  

The data about the limit of the reflector width is summarized in Table 5-4. 
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Table 5-4 Limit values of reflectors’ width 

season  
 
 
 

 
time  

summer winter spring・autumn 

Maximum 

width [m] 

Minimum 

width [m] 

Maximum 

width [m] 

Minimum 

width [m] 

Maximum 

width [m] 

Minimum 

width [m] 

9:00～10:00 0.0900 0.0221 0.1879 0.1833 0.1142 0.0733 

10:00～11:00 0.0924 0.0280 0.1736 0.1645 0.1192 0.0824 

11:00～12:00 0.0909 0.0245 0.1614 0.1478 0.1172 0.0789 

12:00～13:00 0.0897 0.0216 0.1776 0.1697 0.1153 0.0754 

13:00～14:00 0.0919 0.02691 0.1879 0.1833 0.1142 0.0733 

14:00～15:00 0.0865 0.0132 0.2047 0.20446 0.1219 0.0871 

 

 

(a) Reflectors’ width (for summer) 

 

(b) Reflectors’ width (for winter) 
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Because it is hard to see relationship of the data in Table 5-4, the data is shown in Fig. 5-10. The 

blue line is the maximum width, light entering the room above this value is partially blocked. 

The red line is the shortest width, and when it becomes shorter, it illuminates the work surface. 

To improve practicality, see Fig. 5-10, it can be seen that when the width of the reflector is set to 

10 cm, and can be applied to most part of the spring, summer and autumn. In the winter, based 

on the data in Table 5-3, the amount of daylight incident from the window of winter is larger 

than the other seasons. Enough lighting is obtained even if the sunlight is partially blocked, thus 

the width of the reflector in the winter is set to 20 cm. 

 

4：Length of reflector  

In the case of fine day, sunlight in the morning and evening is oblique and illuminates reflectors. 

If the length of the reflector is set to be the same as the window’s length, dazzling sunlight 

entering the window at an oblique angle will illuminate the work surface through the gap 

between the reflectors. To avoid this, the length of the reflector used in this research is set to be 

longer than the length of the window as shown in Fig. 5-11. Here, the shortest length of the 

reflector in the 3D coordinate system of Fig. 5-8 was calculated by the formula (5-11). The 

values are summarized in Table 5-5. 

             (5－11) 

 

 

(c) Reflectors’ width (for spring・autumn) 

Fig. 5-10 Limit values of reflectors’ width 
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Looking at the results in Table 5-5, the length of the reflector is required to be 2.75 m or longer 

in the summer, spring and autumn so that all the incident light is reflected to the ceiling, and in 

the winter it is necessary for the length to be more than 2.94 m . Based on the results, the length 

of the reflector is set to 2.75 m in the summer, spring and autumn, and 2.95 m in the winter. 

 

5：Setting of reflector condition  

Based on the above calculations, the dimensions of the reflector are set as shown below during 

the actual simulation. 

 Number of reflector plates: 20 (each window) 

 Spacing between reflectors: 7 cm 

 Reflector plate length: 2.75 m in summer, spring, autumn, 2.95 m in winter. 

 Width of reflector: 0.1 m in summer, spring, autumn, 0.2 m in winter. 

 Reflector angle:  MID (See Table 5-3.) 

 

 

Fig. 5-11 Setting of reflectors (length) 

 

 

Table 5-5 The shortest length of the reflector  

season  
 

time  
summer winter spring・autumn 

9:00～10:00 2.69 m 2.79 m 2.73 m 

10:00～11:00 2.65 m 2.70 m 2.67 m 

11:00～12:00 2.61 m 2.60 m 2.62 m 

12:00～13:00 2.64 m 2.65 m 2.64 m 

13:00～14:00 2.67 m 2.79 m 2.69 m 

14:00～15:00 2.72 m 2.94 m 2.75 m 
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5-4 Evaluation of use of lighting in all seasons 

 

By applying the conditions summarized in section 5-2 to the created illuminance distribution 

simulator, in the office model space shown in Fig. 5-1, the angle of the reflector that is attached 

to the front of the window is  MID changes according to the change in the solar angle and reflect 

incident sunlight to the ceiling. As a result, we examined the change in the illuminance of the 

observation surface. 

 

1：Evaluation of daylighting utilization on summer  

The simulated illuminance distribution in the summer is shown in Fig. 5-12(a~f). 

 

(a) 9:00～10:00 (solar altitude angle 55, solar azimuth angle 110) 
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(b) 10:00～11:00 (solar altitude angle 65, solar azimuth angle 130) 

 

(c) 11:00～12:00 (solar altitude angle 75, solar azimuth angle 170) 
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(d) 12:00～13:00 (solar altitude angle 70, solar azimuth angle 230) 

 

(e) 13:00～14:00 (solar altitude angle 60, solar azimuth angle 240) 

110

Akita University



 

(f) 14:00～15:00 (solar altitude angle 50, solar azimuth angle 260) 

Fig. 5-12 Illuminance distribution for summer 

 

Observing at the illuminance distribution chart in Fig. 5-13, the center of the light entering the 

room moves from the west to the east (from the left to the right) as time changes from 9:00 to 

15:00. It was also observed that lighting is the best between 11:00 and 12:00. The light at this 

time seems to be the brightest and most even. To make a more detailed comparison, the 

numerical results are summarized in Table 5-6, and the results of the graph are shown in Fig. 

5-13. 

 

Table 5-6 Simulation results for summer 

Results 

Time zone 

Maximum 

illuminance[lx]   

Minimum 

illuminance[lx]  

Average 

illuminance[lx]  
Uniformity 

9:00～10:00 2214.3 644.2 1556.2 0.41 

10:00～11:00 2627.4 1118.1 2127.6 0.53 

11:00～12:00 2916.6 2084.1 2591.1 0.80 

12:00～13:00 2811.9 1357.6 2337.8 0.58 

13:00～14:00 2686.1 932.6 2040.7 0.46 

14:00～15:00 1728.6 431.6 1099.4 0.39 

111

Akita University



 

(a)Results of illuminance 

 

(b) Results of uniformity 

Fig. 5-13 Simulation results for summer 

 

The result of illuminance in Fig. 5-13 (a), the maximum illuminance, the minimum illuminance, 

and the average illuminance gradually became brighter from 9:00 and peaked at the time zone 

from 11:00 to 12:00, and after 12:00, it reduced gradually. And all of illuminance in any time 

zone met the lighting standard that is above 500 lx. Also, looking at the result of the uniformity, 

the ratio of uniformity also rises steadily from 9:00, which is the same as the illuminance, which 

peaks in the time zone from 11:00 to 12:00, and gradually reduces after 12:00. Also, when 

looking at the numerical values, the ratio of uniformity for the time periods other than 11:00 to 
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12:00 were lower than 0.7. In order to satisfy the illuminance criterion, it is necessary to 

increase the ratio of uniformity of the work surface by using suitable light conditions.   

In order to use appropriate light, with reference to the illuminance distribution chart shown in 

Fig. 5-12, a light source was attached from a place with low lighting and simulated with various 

lighting fixture arrangement patterns. The best result of each time zone and the lighting fixture 

placement pattern at that time are shown separately in ①~⑥ below. (Fig. 5-14~ Fig. 5-19) 

 

① 9:00～10:00 (solar altitude angle 55, solar azimuth angle 110) 

   

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-14 Supplemental result (solar altitude angle 55, solar azimuth angle 110) 

 

② 10:00～11:00 (solar altitude angle 65, solar azimuth angle 130) 

   

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-15 Supplemental result (solar altitude angle 65, solar azimuth angle 130) 
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③ 11:00～12:00 (solar altitude angle 75, solar azimuth angle 170) 

   

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-16 Supplemental result (solar altitude angle 75, solar azimuth angle 170) 

 

 

④ 12:00～13:00 (solar altitude angle 70, solar azimuth angle 230) 

   

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-17 Supplemental result (solar altitude angle 70, solar azimuth angle 230) 
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⑤ 13:00～14:00 (solar altitude angle 60, solar azimuth angle 240) 

    

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-18 Supplemental result (solar altitude angle 60, solar azimuth angle 240) 

 

 

 

⑥ 14:00～15:00 (solar altitude angle 50, solar azimuth angle 260) 

   

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-19 Supplemental result (solar altitude angle 50, solar azimuth angle 260) 

 

Looking at the illuminance distribution charts in Fig. 5-14 to 5-19, it is clear that if lights are 

attached as the same as the arrangement pattern, the illuminance of the work surface will be 

uniform based on the illuminance distribution of the work surface as shown in Fig. 5-12 (a-f). In 

order to investigate whether exposure illuminance standards are satisfied, the data are 

summarized in Table 5-7. 
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Table 5-7 Simulation results for summer 

Results 

Time zone 

Maximum 

illuminance[lx]   

Minimum 

illuminance[lx]  

Average 

illuminance[lx]  
Uniformity 

9:00～10:00 2423.7 1672.8 2110.1 0.79 

10:00～11:00 2853.1 2074.8 2532.8 0.82 

11:00～12:00 2916.6 2084.1 2591.1 0.80 

12:00～13:00 3069.4 2248.3 2742.8 0.82 

13:00～14:00 3021.9 2137.9 2745.8 0.78 

14:00～15:00 2151.5 1630.5 1804.5 0.90 

 

The data on the illuminance in Table 5-7, since the minimum illuminance of all the time zones 

exceeded 500 lx, it meets the illumination standard. Furthermore, by referring to the data on the 

degree of uniformity, all the time periods within the lighting time period are more than 0.7, 

therefore it meets the illuminance standard. Also, especially at the time zone between 14: 00 ~ 

15: 00, the uniformity of the west side in Table 5-7 shows a value of 0.9, therefore it is clear that 

the amount of lighting under the experimented condition was very uniform. Based on the 

obtained result, we believe that artificial lighting and daylighting by window are possible in the 

summer. 

 

2：Evaluation of daylighting usage on spring and autumnal  

The simulated illuminance distribution for spring and autumn is shown in Fig. 5-20(a~f). 

 

 

(a) 9:00～10:00 (solar altitude angle 40, solar azimuth angle 130) 
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(b) 10:00～11:00 (solar altitude angle 45, solar azimuth angle 150) 

 

(c) 11:00～12:00 (solar altitude angle 50, solar azimuth angle 170) 
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(d) 12:00～13:00 (solar altitude angle 50, solar azimuth angle 200) 

 

(e) 13:00～14:00 (solar altitude angle 45, solar azimuth angle 220) 
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(f) 14:00～15:00 (solar altitude angle 35, solar azimuth angle 230) 

Fig. 5-20 Illuminance distributions for spring・autumn 

 

The illuminance distribution charts in Fig. 5-20, the center of the light entering the room moves 

from the west to the east (from the left to the right) as time changes from 9:00 to 15:00. The 

time zone when lighting is best is between 11:00 and 12:00 and between 12:00 and 13:00. The 

light at these time zones seems to be the most even and bright. To make a better comparison, the 

numerical results are summarized in Table 5-8 and the results are graphed in Fig. 5-21. 

 

Table 5-8 Simulation results for spring・autumn 

Results 

Time zone 

Maximum 

illuminance[lx]   

Minimum 

illuminance[lx]  

Average 

illuminance[lx]  
Uniformity 

9:00～10:00 3127.0 797.1 2061.5 0.39 

10:00～11:00 3970.4 1642.5 3072.7 0.53 

11:00～12:00 4284.4 2730.6 3646.6 0.75 

12:00～13:00 4376.0 2320.3 3489.2 0.67 

13:00～14:00 3705.2 1218.1 2722.1 0.45 

14:00～15:00 3769.5 853.1 2350.9 0.36 
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(a)Results of illuminance 

 

(b) Results of uniformity 

Fig. 5-21 Simulation results for spring・autumn 

 

Looking at the result of the illuminance in Fig. 5-21(a), the maximum illuminance, the 

minimum illuminance, and the average illuminance become brighter and lighter from 9:00, and 

peak in the time zone from 11:00 to 12:00, Although it tends to decrease from 12:00, the 

maximum illuminance from 14:00 to 15:00 is bigger than that of 13:00 to 14:00. We believe that 

this is due to the incident light striking a part of the east (left) wall, making the luminance 

around that area brighter. Moreover, the illuminances for all time zones are above 500 lx, which 

satisfies the illuminance standard. Also, looking at the result of the uniformity, the ratio of 
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uniformity rises steadily from 9:00, similar to the result obtained for illuminance. The 

uniformity peaks in the time zone from 11:00 to 12:00, and gradually lowers after 12:00. 

Referring the numerical values, the ratio of uniformity for the time periods other than 11: 00 to 

12: 00 was less than 0.7. In order to satisfy the illuminance criterion, it is necessary to increase 

the ratio of uniformity of the work surface by adjusting the lighting conditions. 

In order to search for a better lighting condition that will increase the ratio of uniformity of the 

work surface, simulation was performed with various lighting fixture placement patterns by 

attaching lights one by one starting from a place with low lighting, as shown in the illuminance 

distribution chart in Fig. 5-20. The best result of each time zone and its lighting fixture 

placement pattern are shown separately below ①~⑥. (Fig. 5-22~ Fig. 5-27) 

 

 

 

① 9:00～10:00 (solar altitude angle 40, solar azimuth angle 130) 

 

(a)Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-22 Supplemental result (solar altitude angle 40, solar azimuth angle 130) 
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② 10:00～11:00 (solar altitude angle 45, solar azimuth angle 150) 

  

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-23 Supplemental result (solar altitude angle 45, solar azimuth angle 150) 

 

 

 

③ 11:00～12:00 (solar altitude angle 50, solar azimuth angle 170) 

  

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-24 Supplemental result (solar altitude angle 50, solar azimuth angle 170) 
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④ 12:00～13:00 (solar altitude angle 50, solar azimuth angle 200) 

  

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-25 Supplemental result (solar altitude angle 50, solar azimuth angle 200) 

 

 

 

⑤ 13:00～14:00 (solar altitude angle 45, solar azimuth angle 220) 

  

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-26 Supplemental result (solar altitude angle 45, solar azimuth angle 220) 
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⑥ 14:00～15:00 (solar altitude angle 50, solar azimuth angle 260) 

  

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-27 Supplemental result (solar altitude angle 50, solar azimuth angle 260) 

 

Looking at the illuminance distribution charts from Fig. 5-22 to Fig. 5-27, it is clear that if 

lightings are arranged accordingly as the arrangement patterns, the illumination distribution on 

the work surface as shown in Fig. 5-20 (a~f) will be uniform. The data are summarized in Table 

5-9 to analyze if the results obtained satisfy the illuminance standard. 

Since the minimum illuminance of all time zones exceed 500 lx, the illuminance standard is 

achieved (Table 5-9). When looking at the data of the uniformity, most of the time periods 

within the lighting time is above 0.7 satisfying the illuminance standard. However, the 

uniformity of the time zone from 14:00 to 15:00 is less than 0.7 and cannot be used. We believe 

that this is caused by sunlight reflecting on the ceiling to the wall of the east (left) side. Dazzling 

lights on the east walls reflect each other causing illuminance on the wall around that area to 

increase and its uniformity to decrease. We believe that this problem can be resolved by 

Table 5-9 Simulation results for spring・autumn 

Results 

Time zone 

Maximum 

illuminance[lx]   

Minimum 

illuminance[lx]  

Average 

illuminance[lx]  
Uniformity 

9:00～10:00 3443.0 2001.7 2766.8 0.72 

10:00～11:00 4203.3 2686.4 3702.7 0.73 

11:00～12:00 4284.4 2730.6 3646.6 0.75 

12:00～13:00 4585.7 3020.0 3931.3 0.77 

13:00～14:00 4042.3 2428.0 3427.1 0.71 

14:00～15:00 4066.0 2064.8 3055.9 0.68 

 

124

Akita University



adjusting the amount of light taken by the window, adjusting the size of the reflecting plate, or 

blocking the incident light. Based on the results obtained, the time zone when daylighting is 

possible for spring and autumn is from 9:00 to 12:00. 

 

3：Evaluation of daylighting use at winter  

The illuminance distributions chart for the simulated winter is shown in Fig. 5-20 (a~f). 

 

 

(a) 9:00～10:00 (solar altitude angle 20, solar azimuth angle 150) 

 

 

(b) 10:00～11:00 (solar altitude angle 25, solar azimuth angle 160) 
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(c) 11:00～12:00 (solar altitude angle 30, solar azimuth angle 180) 

 

 

 

(d) 12:00～13:00 (solar altitude angle 25, solar azimuth angle 190) 
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(e) 13:00～14:00 (solar altitude angle 20, solar azimuth angle 210) 

 

 

 

(f) 14:00～15:00 (solar altitude angle 15, solar azimuth angle 220) 

Fig. 5-28 Illuminance distributions for winter 

 

Looking at the illuminance distribution charts in Fig. 5-28, the center of the light entering the 

room moves from the west to the east (from the left to the right) as time changes from 9:00 to 

3:00. The time zone in which the lighting is the best is from 11:00 to 12:00. The light at this 

time seems to be the most even and bright. For a better comparison, the data are summarized in 

Table 5-10 and the result graphs are shown in Fig. 5-29. 
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Table 5-10 Simulation results for winter 

Results 

Time zone 

Maximum 

illuminance[lx]   

Minimum 

illuminance[lx]  

Average 

illuminance[lx]  
Uniformity 

9:00～10:00 4403.7 1402.4 3172.6 0.44 

10:00～11:00 4426.1 1936.7 3425.1 0.57 

11:00～12:00 4182.6 2634.9 3566.8 0.74 

12:00～13:00 5278.3 2795.8 4275.9 0.65 

13:00～14:00 5541.2 1731.6 3899.2 0.44 

14:00～15:00 5929.7 1294.2 3616.9 0.36 

 

 

 

 

(a) Illuminance 
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(b) Uniformity 

Fig. 5-29 Simulation results for winter 

 

Observing at the results of illuminance in Fig. 5-29 (a), the minimum illuminance and the 

average illuminance become brighter gradually from 9:00, peak in the time zone from 12:00 to 

13:00, and tend to reduce gradually after 12:00. The maximum illuminance is almost constant 

between 9:00 and 12:00, but it tends to rise between 12:00 and 15:00. We believe that this is 

caused by the incident light striking a part of the east (left) wall, and the illuminance around that 

area gets brighter. And the direction of the sun relative to the window becomes diagonal 

gradually after 12:00 causing the dazzling sunlight to concentrate near the wall with time. Also, 

from the data in Table 5-10, the illuminance for all the time zones are above 500lx, and they 

meet the illuminance standard. Also, similar to the illuminance result, the ratio of uniformity 

also rises steadily from 9:00, peaks in the time zone from 11:00 to 12:00, and gradually 

decreases after 12:00. Also, when looking at the numerical values, other than the time zone 

between 11:00 to 12:00, the uniformity of all time zones were less than 0.7. In order to satisfy 

the illuminance criterion, it is necessary to increase the degree of uniformity of the work surface 

by changing the lighting conditions. 

In search for better lighting conditions, with reference to the illuminance distribution chart 

shown in Fig. 5-28, lights were attached one by one starting from places with low lighting and 

simulated with various lighting fixture arrangement patterns. The best result of each time zone 

and its lighting fixture placement pattern are shown separately in ①~⑥. (Fig. 5-30~ Fig. 5-35) 
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①  9:00～10:00 (solar altitude angle 20, solar azimuth angle 150) 

  

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-30 Supplemental result (solar altitude angle 20, solar azimuth angle 150) 

 

 

 

② 10:00～11:00 (solar altitude angle 25, solar azimuth angle 160) 

  

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-31 Supplemental result(solar altitude angle 25, solar azimuth angle 160) 
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③  11:00～12:00 (solar altitude angle 30, solar azimuth angle 180) 

  

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-32 Supplemental result (solar altitude angle 30, solar azimuth angle 180) 

 

 

 

④  12:00～13:00 (solar altitude angle 25, solar azimuth angle 190) 

  

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-33 Supplemental result (solar altitude angle 25, solar azimuth angle 190) 
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⑤  13:00～14:00 (solar altitude angle 20, solar azimuth angle 210) 

 

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-34 Supplemental result (solar altitude angle 20, solar azimuth angle 210) 

 

 

 

⑥  14:00～15:00 (solar altitude angle 15, solar azimuth angle 220) 

  

(a) Lighting fixture placement pattern (b) Supplemental illuminance distribution 

Fig. 5-35 Supplemental result (solar altitude angle 15, solar azimuth angle 220) 

 

Looking at the illuminance distribution chart from Fig. 5-30 to Fig. 5-35, it is obvious that if 

light is attached as the shown arrangement patterns, the illuminance distribution on the work 

surface in Fig. 5-28 (a~f) can be uniform. In order to investigate whether illuminance standard 

is satisfied, the data are summarized in Table 5-11. 
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Table 5-11 Simulation results for winter 

Results 

Time zone 

Maximum 

illuminance[lx]   

Minimum 

illuminance[lx]  

Average 

illuminance[lx]  
Uniformity 

9:00～10:00 4718.6 2599.5 3951.5 0.66 

10:00～11:00 4650.5 2980.7 4055.1 0.74 

11:00～12:00 4182.6 2634.9 3566.8 0.74 

12:00～13:00 5370.5 3312.3 4541.6 0.73 

13:00～14:00 5852.6 2938.9 4677.8 0.63 

14:00～15:00 6244.4 2501.5 4395.5 0.57 

 

Since the minimum illuminance of all time periods exceed 500 lx, the illuminance data of Table 

5-11 meet the illumination standard. When looking at the data on the ratio of uniformity, only 

the uniformity in the time zone from 10:00 to 13:00 is above 0.7, satisfying the illumination 

standard. The uniformity of other time zones are less than 0.7 and cannot be used. We believe 

that this is caused by the dazzling sunlight reflected from the ceiling onto the left and right walls 

in the morning and afternoon to the left and right walls. Dazzling lights on the left and right 

walls reflect onto each other, causing the illuminance to increase and uniformity to decrease. We 

believe that this problem can be solved by adjusting the amount of light taken from the window, 

adjusting the size of the reflector, or blocking the incident light. Based on the results above, the 

time period during which winter daylighting is possible is from 10:00 to 13:00. 
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5-5 Consideration of power consumption 

 

If the blind-shaped reflector attached to the window is controlled as shown in Fig. 5-6, it is 

shown in Chapter 5-3 that the combination of artificial lighting and daylighting from the 

window is effective for energy conservation. Here, we examine how much energy can be saved 

for each lighting time zone. The environment for this comparison is described in the previous 

chapter whereby 9 lights are arranged evenly on the ceiling and when light does not enter from 

the window (see Fig. 4-11). In other words, it is the lighting environment of a typical office at 

night. Table 5-12 shows the amount of energy saving for each time zone. Here, the number of 

lights is 9 (night office environment) for boxes with diagonal lines. 

Based on the data in Table 5-12, in the case of combination of artificial lighting and daylighting 

from the window, the number of lighting fixtures installed is the smallest for all seasons, and 

power can be saved most from 11:00 to 12:00, and it was found that illumination standard is 

satisfied even if it is not light up at this time. The power consumption at this time was compared 

with the power consumption when the amount of lighting fixtures was 9 lights, and it was found 

that 100% of power consumption could be reduced. 

In the actual laboratory, the curtains are usually drawn as sunlight is too dazzling, therefore 9 

Table 5-12 Percentage of energy saving 

Season 

 

Time zone 

Summer Spring and autumn Winter 

Number 

of lights 

Energy 

saving 

Number 

of lights 

Energy 

saving 

Number 

of lights 

Energy 

saving 

9:00～10:00 4 lights 55.6% 5 lights 55.6%   

10:00～11:00 3 lights 66.7% 4 lights 55.6% 4 lights 55.6% 

11:00～12:00 0 light 100% 0 light 100% 0 light 100% 

12:00～13:00 3 lights 66.7% 3 lights 66.7% 2 lights 77.8% 

13:00～14:00 5 lights 44.4% 5 lights 44.4%   

14:00～15:00 5 lights 44.4%     

 

Table 5-13 Percentage of energy saving (all day) 

Season 

 

Time zone 

summer spring and autumn winter 

power 

consumption 

[W] 

energy 

saving 

power 

consumption 

[W] 

energy 

saving 

power 

consumption 

[W] 

energy 

saving 

9:00～18:00 3008 42.0% 3392 34.6% 3840 25.9% 
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lights are usually used from morning till evening. In the same time zone, it is possible to save 

energy by 55.5% in the morning and save at least 44.4% in the evening. Also, the power 

consumption during the day is calculated and summarized in Table 5-13 by assuming the 

working hours in the laboratory for a day is from 9:00 to 18:00. In this example, as described in 

Chapter 4-1, the power consumption per hour is 64 W. Therefore, the power consumption 

during a general day is 64 W × 9 fluorescent lamps × 9 hours = 5184 W. Compared with the 

daytime power consumption when combining artificial lighting and lighting from the window, 

the energy conservation rate was calculated and summarized in the Table 5-13. 

Based on the data in Table 5-13, by attaching the blind-shaped reflector to the window and 

controlling it as shown in Fig. 5-6, we were able to reduce power consumption by 42% in the 

summer, 34.6% in the spring and autumn, and 25.9% in the winter when using a lighting system 

that combines artificial lighting and daylighting through a window compared to lighting. 

Therefore it can be said that daylighting from the window is effective in reducing power 

consumption. 
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Chapter 6 

Evaluation of lighting environment for direct sunlight (With 

many rows of reflectors) 

 

In the chapter 5, I concluded that the ratio of uniformity between 11: 00 and 12: 00 is the largest 

of all seasons, and the lighting fixture does not have to be lighten up in this time zone to meet 

illuminance standard. It is because, the solar azimuth angle is almost 180° between 11:00 and 

12:00, and it is located south of the room. In the previous simulation works, the window is set to 

the south side, and the reflection plate is controlled with the angle θ MID from the bottom to the 

top with the horizontal axis of the window plane as the axis. Between 11:00 and 12:00, the 

incident light is reflected to the ceiling and illuminates the middle of the ceiling. I believe that 

this is the reason for why the ratio of uniformity at this time is the highest. In this chapter, in 

order to further increase of the energy conservation rate, the reflector is not only controlled in 

vertically but also in horizontally in between the left and right side of the reflectors. The 

reflectors are to move in such a way that the sunlight of any time zone will be reflected to the 

center of the ceiling. This setting has chosen in the simulation works and thus, it has become 

possible to use the natural light throughout the whole year. 

 

6-1 Simulation method 

 

The simulation conditions in this chapter are almost the same as in the chapter 5, whereby the 

setting of simulation model, installation of lighting equipment, control of reflection plate, 

setting of solar altitude angle and solar azimuth angle are the same as those in the chapter 5. 

However, daylighting from the window is different from the simulation in the chapter 5. As 

shown in the coordinate system in Fig. 6-1(a), the reflector is controlled to move from the 

bottom to the top with the red line of the window being the axis. As shown in Fig. 6-1(b), the 

angle parallel to the x-y plane is 0°, the upward angle is +, the downward angle is -. In this 

simulation, besides being able to control the reflector as in the chapter 5, the reflection plate is 

also able to turn left and right around the blue line which acts like an axis to a certain extent and 

it reflects the incident light to the center of the ceiling. As shown in Fig. 6-1(c), the reflector 

angle is set to 0°, the angle parallel to the x-y plane is 0°, the angle rotating to the left is +, and 

the angle rotating to the right is -. 
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(a) Coordinates on the window surface 

 

 

(b) Control of reflector (x-z plane) 

 

 

(c) Control of reflector (y-z plane) 

 

Fig. 6-1 Fixing of angle of the reflectors 
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The setting of the reflector properties is the same as the simulation in the chapter 5, the front of 

the reflector is a flat mirror, and the incident daylight is reflected to the ceiling with 90% 

specular reflection and absorbs the remaining light. 90% of the light is absorbed on the back 

surface of the blind reflector, and the remaining light is set to be like a scattering reflection. 

Here, the reflector is controlled at two angles a and b, and the incident sunlight is reflected to 

the center of the ceiling as shown in Fig. 6-2. 

By using this method, the dazzling incident sunlight is reflected to the ceiling and light diffusely 

reflected from the ceiling is utilized. The simulation calculation in this chapter is the same as in 

the chapter 5 with the number of calculations per window being 50 million. In addition, in order 

to obtain illuminance distribution, the surface element size was set to 0.2 m × 0.2 m, and the 

observation surface was divided into 1050 regions of 35 rows × 30 columns. The amount of 

solar flux and the solar angle for simulation in this chapter were measured and can be referred in 

Table 5-1 and Table 5-2 of chapter 5. 

 

 

 

 

 

Fig. 6-2 Fixing of angle of the reflectors  
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6-2 Setting of reflector 

 

As described in Fig. 6-1 to Fig. 6-2, incident daylight is taken into the room with a blind shade 

reflectors system. It is assumed for with natural day light and artificial light. In this chapter, in 

order to improve the performance, the reflector is controlled with two angles a and b shown in 

Fig. 6-1 so that incident light is reflected to the ceiling as much as possible. And, in order to 

simulate a comfortable lighting environment, incident light is reflected to the center of the 

ceiling. Here, the conditions of reflectors will be described. 

  

1．Setting reflector angle 

 

As shown in Fig. 6-3, if the horizontal angle of the reflector is b, the angle of the reflector when 

q＝90 is 𝑏MID. At this time, light entering from the window reflected to the ceiling is in the 

 

Fig. 6-3 Determination of horizontal angle of reflector 
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same direction as the solar azimuthal angle of 180. From the triangular relationship shown in 

Fig. 6-3, the below equation can be obtained.  

              (6－1) 

Here,  is the projection of the y axis of the sun angle as shown in Fig. 5-8, which can be 

referred to the equations (5-8) and (5-9) in Chapter 5. 𝑏MID can be calculated using equation 

(6-1). 

It is also necessary to obtain the minimum angle 𝑏MIN of the reflector. When the angle of the 

reflector becomes smaller than 𝑏𝑀𝐼𝑁, light reflected to the ceiling is reflected to the left wall. In 

order to obtain 𝑏MIN, it is necessary to first obtain the ray that reflects to the ceiling and the 

angle q to be the ceiling, and q is obtained from the triangular relationship as shown in Fig. 6-3 

by the equation (6-2). 

              (6－2) 

Then, the minimum horizontal angle of the reflector in the case of <180 is obtained from the 

triangular relationship as follow. 

      (6－3) 

Likewise, the maximum horizontal angle of the reflector in the case of ＞180 is obtained by 

the following formula. 

        (6－4) 

In the case of  >180, when the angle of the reflector becomes smaller than 𝑏MAX, the 

reflected sunlight shines on the left wall of the model in Fig. 6-2. The angle of the reflector and 

the minimum horizontal angle of the reflector can be obtained by the above equations and are 

summarized in Table 6-1. 

Since the simulation in this chapter can provide a comfortable lighting environment, I set the 

reflector such that the incident light can be reflected to the center of the ceiling by controlling 

the reflector at two angles 𝑎MID and 𝑏MID shown in Table 5-3 and Table 6-1. 
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2．Width of reflector 

The width of the reflector is the same as in the chapter 5, and can be referred in Table 5-4.  

 

3．Number of reflectors 

In the simulation of this chapter, as shown in the coordinate system in Fig. 6-1 (a), the reflection 

plate is controlled by the axis of the blue line of the window. Therefore, if the position and the 

number of reflectors are the same as the simulation in the chapter 5, a part of sunlight enters the 

room through the yellow part shown in Fig. 6-4. 

In the case of the reflector angle being b𝑀𝐼𝐷, the length of S is calculated by equation (6-5). 

Calculations were made in the simulation and summarized in Table 6-2. 

                    (6-5) 

Here, L is the length of window. 

Table 6-1 Maximum angle and minimum horizontal angle of the reflectors 

season  
 

 
time  

summer winter spring・autumn 

𝑏MID range of  𝑏 𝑏MID range of  𝑏 𝑏MID range of  𝑏 

9:00～10:00 16.7 5.8＜b 27.0 16.07381＜b 21.2 10.3＜b 

10:00～11:00 9.8 -1.1＜b 18.1 7.229363＜b 13. 3 2.4＜b 

11:00～12:00 1.3 -9.6＜b 0 -10.9＜b 4.1 -6.7＜b 

12:00～13:00 -7.8 b＜-3.1 -10.2 b＜-0.68759 -8.0 b＜-2.9 

13:00～14:00 -13.3 b＜2.4 -26.9 b＜16.07381 -16.4 b＜5.5 

14:00～15:00 -19.8 b＜8.9 -33.7 b＜22.78547 -23.8 b＜12.9 

 

 

Fig. 6-4 The passage of sunlight 

 

window windowM
[m

]
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Table 6-2 The shortest length of M 

season 

time 
Summer winter spring・autumn 

9:00～10:00 0.389 m 0.662 m 0.504 m 

10:00～11:00 0.225 m 0.426 m 0.307 m 

11:00～12:00 0.030 m 0.000 m 0.094 m 

12:00～13:00 0.178 m 0.234 m 0.183 m 

13:00～14:00 0.307 m 0.662 m 0.382 m 

14:00～15:00 0.468 m 0.867 m 0.573 m 

(a) The upper position of the reflector 

(b) The lower position of the reflector 

Fig. 6-5 Reflector position 
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According to Table 6-2, the length of M in winter has a maximum value of 0.867 m, which is a 

fairly large figure. As shown in Fig. 6-5 (a), the actual maximum length of M is half the distance 

between the top of the window and the ceiling which is about 0.15 m. However, this distance 

can only be used from 11: 00 to 12: 00. In order to solve this problem, instead of controlling a 

single row of reflectors as shown in Fig. 6-6, I can increase the number of rows of reflectors and 

control the reflectors. Thus, when there is an n-column reflector, the length of S shown in Table 

6-2 is 1 / n2. Since the maximum length of is 0.867 m, it is necessary to control three rows of 

reflectors or more. Also, since the space between the reflectors is the same as in the chapter 5, 

installed at 0.07 m, it is necessary to add two reflector plates at the bottom and the top of the 

window. Overall, the number of rows of reflector plates is three and the number of reflector 

plates for every row is 24 as shown in Fig. 6-6. 

 

 

 

 

 

 

Fig. 6-6 Control of reflector 
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4. Length of reflector  

Here, in order to prohibit sunlight coming from the gap between the reflection plates to the work 

surface, the length of the reflection plate has to be determined.  

 

As shown in Fig. 6-7, in order to obtain the length of the reflecting plate, the length of BC must 

be obtained first. In △ABC, according to the sine theorem, the relationship is as follows. 

                     (6－6) 

From the above equation, 

 

Fig. 6-7 Determination of the length of reflector 

 

Table 6-3 The shortest length of the reflector [m] 

season 
 

time  
summer winter spring・autumn 

9:00～10:00 0.89  0.91  0.90  

10:00～11:00 0.88  0.90  0.89  

11:00～12:00 0.87  0.87  0.87  

12:00～13:00 0.85  0.85  0.85  

13:00～14:00 0.85  0.82  0.84  

14:00～15:00 0.84  0.81  0.83  
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                      (6－7) 

Here, AB＝0.07m，∠BAC＝90－，∠ACB＝＋𝑏𝑀𝐼𝐷.  is obtained by equations (5-8) and 

(5-9), and 𝑏𝑀𝐼𝐷 can be referred from Table 6-1. By substituting these conditions into eq. (6-7), 

the following equation can be obtained. 

                   (6－8) 

Also, the length l of the reflector is obtained by the following formula, with the results 

summarized in Table 6-3. 

                       (6－9) 

Based on the data in Table 6-3, the shortest length of the reflector was found at 0.91 m becomes 

the maximum at between 9: 00 ~ 10: 00 in winter. The length of the reflecting plate is set to 0.91 

m for every season so that all incident lights are reflected to the ceiling. 

 

5：Reflector condition setting 

Based on the above calculations, the dimensions of the reflectors set during the actually 

simulating are as shown in below. 

 Number of reflecting plates: 24 (each window) 

 Spacing between reflectors: 7 cm 

 Length of reflector: 0.91 m 

 Width of reflector: 0.1m in summer・spring・autumn, 0.2m in winter 

 Angle of reflector: 𝑎MID，𝑏MID (Refer to Table 5-3 and Table 6-1.) 
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6-3 Evaluation of use of lighting in all seasons 

 

By applying the conditions summarized in chapter 6-1 to the created illuminance distribution 

simulator, in the office model space shown in Fig. 5-1, the angle of the reflector attached in 

front of the window changes according to the sun altitude by using angles 𝑎MID，𝑏MID so that 

incident sunlight is reflected to the center of the ceiling. I also examined the change in the 

illuminance distribution of the observation surface. 

 

1：Evaluation of daylighting usage at summer 

The simulated illuminance distribution in summer is shown in Fig. 6-8(a~f). 

 

 

(a) 9:00～10:00 (solar altitude angle 55, solar azimuth angle 110) 

 

 

(b) 10:00～11:00 (solar altitude angle 65, solar azimuth angle 130) 
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(c) 11:00～12:00 (solar altitude angle 75, solar azimuth angle 170) 

 

 

(d) 12:00～13:00 (solar altitude angle 70, solar azimuth angle 230) 

 

 

(e) 13:00～14:00 (solar altitude angle 60, solar azimuth angle 240) 
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Looking at the illuminance distribution charts in Fig. 6-8, the illuminance distribution in the 

room varies with the change of time between 9:00 and 3:00. Since the dazzling sunlight entering 

through the window is reflected to the center of the ceiling, the illuminance distribution looks 

evenly visible at any time. And it became clear that the time zone with the biggest average 

illuminance will be between 11:00 and 12:00. To compare more precisely, the numerical results 

are summarized in Table 6-4 and the results are graphed in Fig. 6-9. 

Looking at the result of illuminance in Fig. 6-9(a), the maximum illuminance, the minimum 

illuminance, and the average illuminance became brighter from 9:00, peak at the time zone from 

11:00 to 12:00, and lowers gradually after 12:00. And all illuminance were above 500 lx, 

meeting the lighting standards. Also, from the results of the degree of uniformity, it was found 

that the uniformity at any time zone was about 0.8 overall. Thus, in the summer, daylighting can 

be performed without lighting if the reflector is controlled well between 9:00 and 15:00. 

 

 

 

 

 

 

 

 

 

 

 

(f) 14:00～15:00 (solar altitude angle 50, solar azimuth angle 260) 

 

Fig. 6-8 Illuminance distribution for summer (control 3 rows reflectors) 
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Table 6-4 Simulation results for summer (control 3 rows reflectors) 

Results 

Time zone 

Maximum 

illuminance[lx]   

Minimum 

illuminance[lx]  

Average 

illuminance[lx]  
Uniformity 

9:00～10:00 1743.0  1301.4  1619.8  0.80  

10:00～11:00 2351.4  1793.9  2153.8  0.83  

11:00～12:00 2912.2  2143.9  2595.1  0.83  

12:00～13:00 2578.0  1977.1  2354.1  0.84  

13:00～14:00 2280.1  1742.9  2092.0  0.83  

14:00～15:00 1372.4  867.1  1165.9  0.74  

 

 

(a)Results of illuminance 

 

(b) Results of uniformity 

 

Fig. 6-9 Simulation results for summer (control 3 rows reflectors) 
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2：Evaluation of use of lighting in spring and autumn 

The simulated illuminance distribution for spring and autumn is shown in Fig. 6-10(a~f). 

 

(a) 9:00～10:00 (solar altitude angle 40, solar azimuth angle 130) 

 

(b) 10:00～11:00 (solar altitude angle 45, solar azimuth angle 150) 

 

(c) 11:00～12:00 (solar altitude angle 50, solar azimuth angle 170) 
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(d) 12:00～13:00 (solar altitude angle 50, solar azimuth angle 200) 

 

 

(e) 13:00～14:00 (solar altitude angle 45, solar azimuth angle 220) 

 

 

(f) 14:00～15:00 (solar altitude angle 35, solar azimuth angle 230) 

 

Fig. 6-10 Illuminance distribution for spring・autumn (control 3 rows reflectors) 
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Observing at the illuminance distribution diagrams in Fig. 6-10, the intensity of light entering 

the room changes from 9:00 to 3:00 with time. The time periods when the lighting is the 

strongest is between 11:00 and 12:00 and between 12:00 and 13:00. The light at during this 

period seems to be the most even and bright. To compare the results more precisely, the 

numerical results are summarized in Table 6-5 and the results are graphed in Fig. 6-11. 

Looking at the result of the illuminance in Fig. 6-11 (a), the maximum illuminance, the 

minimum illuminance, and the average illuminance became brighter from 9:00 and gradually 

reached the peak between 11:00 to 12:00. After 12:00, there is a tendency for them to decrease. 

The illuminance for all time zones is more than 500 lx, satisfying the illuminance standard. Also, 

looking at the result of the uniformity, all the uniformity is above 0.7, satisfying the illuminance 

standard. Looking at diagram Fig. 6-11 (b), the degree of uniformity is around 0.8 for all cases. 

Based on this result, it is clear that it is possible to create an eco-friendly lighting environment 

and save energy just by controlling the reflector well during the spring・autumn season. 

Table 6-5 Simulation results for spring・autumn (control 3 rows reflectors) 

Results 

Time zone 

Maximum 

illuminance[lx]   

Minimum 

illuminance[lx]  

Average 

illuminance[lx]  
Uniformity 

9:00～10:00 2448.5  1800.3  2197.4  0.82  

10:00～11:00 3571.2  2438.5  3123.6  0.78  

11:00～12:00 4205.1  2788.7  3657.4  0.76  

12:00～13:00 4004.8  2690.1  3509.0  0.77  

13:00～14:00 3162.2  2234.5  2807.5  0.80  

14:00～15:00 2930.9  2037.1  2556.5  0.80  

 

 

(a)Results of illuminance 
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(b) Results of uniformity 

 

Fig. 6-11 Simulation results for spring・autumn (control 3 rows reflectors) 
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3：Evaluation of use of daylight in winter  

The simulated illuminance distribution in winter is shown in Fig. 6-12(a~f) 

 

(a) 9:00～10:00 (solar altitude angle 20, solar azimuth angle 150) 

 

(b) 10:00～11:00 (solar altitude angle 25, solar azimuth angle 160) 

 

(c) 11:00～12:00 (solar altitude angle 30, solar azimuth angle 180) 

 

154

Akita University



 

 

(d) 12:00～13:00 (solar altitude angle 25, solar azimuth angle 190) 

 

 

(e) 13:00～14:00 (solar altitude angle 20, solar azimuth angle 210) 

 

 

(f) 14:00～15:00 (solar altitude angle 15, solar azimuth angle 220) 

 

Fig. 6-12 Illuminance distribution for winter (control 3 rows reflectors) 

155

Akita University



 

The illuminance distribution diagrams in Fig. 6-12, the time zone in which illumination is the 

best is between 11:00 and 15:00. The light of this time zone looks the most even and brightest. 

To compare the results more precisely, the numerical results are summarized in Table 6-6 and 

the results are graphed in Fig. 6-13. 

 

(a)Results of illuminance 

 

(b) Results of uniformity 

 

Fig. 6-13 Simulation results for winter (control 3 rows reflectors) 
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The result of illuminance in Fig. 6-13 (a), the minimum illuminance and the average 

illuminance become brighter from 9:00, peaked in the time zone from 12:00 to 13:00, the 

illuminance after that was almost constant. In addition, from the data in Table 6-6, the 

illuminance for all time zones were more than 2000lx, fulfilling the illuminance standard, but it 

feels somewhat high. Also, looking at the result of the uniformity, the uniformity for all time 

zones are more than 0.7 satisfying the illuminance standard. Furthermore, the uniformity for all 

time zones were almost the same, around 0.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6-6 Simulation results for winter (control 3 rows reflectors) 

Results 

Time zone 

Maximum 

illuminance[lx]   

Minimum 

illuminance[lx]  

Average 

illuminance[lx]  
Uniformity 

9:00～10:00 3794.5  2467.9  3291.2  0.75  

10:00～11:00 4011.9  2583.2  3469.6  0.74  

11:00～12:00 4164.6  2633.3  3568.5  0.74  

12:00～13:00 4986.6  3069.9  4292.8  0.72  

13:00～14:00 4698.6  2929.0  4045.3  0.72  

14:00～15:00 4636.1  2810.0  3971.1  0.71  
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6-3 Consideration of power consumption 

If the blind-shaped reflector attached to the window is controlled as shown in Fig. 6-6, it is clear 

from section 6-2 that the combination of artificial lighting and daylighting from the window is 

effective for energy conservation. By controlling the three rows of reflectors attached to the 

window at angles 𝑎𝑀𝐼𝐷，𝑏𝑀𝐼𝐷, the dazzling incident sunlight was reflected to the ceiling and an

eco-friendly lighting environment was created using the diffused light reflected from the ceiling. 

And from the data in Table 6-4 to Table 6-6, the illuminance standard was satisfied for 

illuminance of all the time zones, being more than 500 lx for all seasons, and the ratio of 

uniformity is more than 0.7. By utilizing the reflector set in this simulation, the illuminance 

standard is satisfied even if light equipment are not light up in the office from 9:00 to 15:00. 

By comparing the lighting environment where light does not enter from the window evenly and 

lighting fixtures are arranged on the ceiling as described in Chapter 4 (which is the lighting 

environment of a typical office at night time. Refer to Fig. 4-11), the power consumption was 

calculated. The working hours of an office are normally between 9:00 and 15:00, and the power 

consumption per day is 64 W × 9 fluorescent lamps × 9 hours = 5184 W. The power 

consumption when using the reflection plane for this simulation is 64 W × 9 fluorescent lamps × 

3 hour = 1728 W, which increases the amount of power conservation in the day by 66.7%. 

Based on the results obtained, it can be said that daylighting from the window is effective in 

reducing power consumption. 
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Chapter 7 

Conclusion 

7-1 Results obtained in this research 

The ultimate goal of this research work is to save energy in the office buildings by using daylight 

entering into rooms from the window. In this research, I proposed a method to utilize diffused 

light from the ceiling by using blind reflectors which are able to change their reflection angle 

freely. The reflectors are attached to the window and reflect incident light to the ceiling. This 

method can increase the daylighting rate from the window compared with the conventional 

researches, and by controlling the reflector intelligently, it is possible to make a more comfortable 

lighting environment for human beings. However, a versatile illumination distribution simulator 

was made which can reproduce the nature of light precisely on a computer. Therefore, in this 

research, I have created a versatile illuminance distribution simulator using the Monte Carlo 

method which can reproduce the nature of light precisely on a computer. I also compared and 

investigated the influence of daylighting on the indoor lighting environment when blind reflector 

plates are installed in the window. Ultimately, I found out that it is possible to conserve energy 

when using window lighting and artificial lighting after experimenting it under various conditions. 

The main results obtained are shown below. 

1：Creation of illumination distribution simulator 

In this research, a system that simulates an environment which can take light from windows was 

introduced by installing not only lighting fixtures and windows, but also a system capable of 

setting the sun and reflectors’ angles. In this simulation system, the type of lighting equipment, 

the presence or absence of a window, size of simulation objects can be freely chosen, and 

simulation assuming night time when light cannot be taken from the window was made possible. 

In order to simulate the change in the solar altitude for each season, the angle of the incident light 

from the window can be freely changed, and the angle of the blind reflection plates attached to 

the window can also be freely controlled under various conditions. In addition, validity of the 

simulator was verified by comparing the results of simulation under various environments with 

actual measured values. 

2：Comparison and examination of the indoor environment during daylighting from 

the window 

An illuminance distribution simulator as described above was created and used for simulation 
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under various conditions. Conditions of the model space and parameters can also be changed 

easily. Our simulation led to the following results. 

 

 

① Evaluation of use of lighting without direct light 

Without direct light, that is, when it is cloudy, the light entering through the window is 

scattered light, harmless to human eyes and can be used directly as lighting for office 

environment, whereby in this case no reflector is attached. However, by actual measurement, 

in the case of only window lighting, since the area satisfying the illuminance standard on the 

working surface is only on the window side, it is necessary to use it together with the artificial 

lighting. By referring to the data in Table 4-2, if the number of the lighting equipment is too 

many, the uniformity of the work surface will be low. If the number of lighting is small, it 

will not satisfy the lighting standards and cannot be applied in working environments. As a 

result, I found out that in the absence of direct light, it is possible to reduce the power 

consumption by 33% or more in the same time zone by proper lighting using the lighting 

system consisting of the window and lighting equipment. 

 

② Evaluation of use of lighting with direct light - controlled by reflector 𝒂𝐌𝐈𝐃 

When there is direct light, the sunlight entering through the window is dazzling and cannot 

be used as a work surface illumination. Therefore, it is necessary to attach blind-shaped 

reflectors to the window. The reflector plate is controlled by rotating it from the bottom to 

the top about the innermost side (the part in contact with the window) of the reflector. In 

order to obtain a good lighting environment, I controlled the reflector using angle  MID so 

that light is reflected from the window to the center of the ceiling of the room by actual 

calculation. 

As a result, in the case of only lighting from the window, in terms of illuminance, the 

minimum illuminance is more than 500 lx for all time zones of all seasons which satisfies 

the illuminance standard, although the value was slightly higher in spring, autumn and winter 

due to higher daylighting rate and change of the solar azimuth angle according to time zone. 

In terms of the uniformity, the ratio of uniformity in the time zone from 11:00 to 12:00 is 

more than 0.7, but the uniformity in other time zones did not satisfy the illuminance standard. 

I believe that this is caused by sunlight being reflected to the left and right walls from the 

ceiling in the morning and evening. Dazzling lights on the left or right walls reflect on each 

other, increasing the illuminance around that area and decreasing its uniformity. In order to 

avoid it, it is necessary to brighten up the room by adding lights. 

When using window lighting and artificial lighting at the same time, in summer, the 

uniformity and illuminance between 9:00 and 15:00 satisfy the illuminance standard. In the 
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case of spring and autumn, the lighting environment between 9:00 and 14:00 satisfy the 

illuminance standard, and the ratio of uniformity of 14:00~15:00 cannot be used because it 

is below 0.7. In winter, the lighting environment between 10:00 and 13:00 satisfy the 

illuminance standard, and the uniformity degree between 9: 00-10: 00 and 13:00-15:00 

cannot be used because they were below 0.7. 

In terms of power consumption, by referring to the data in Table 5-13, it was expected that 

the time zone of 11:00-12:00 requires the least number of lighting fixtures and the reduction 

of power consumption is the highest. It was found that the illumination standard was satisfied 

even when lighting fixtures were not light up at this time. The power consumption at this 

time was compared with the power consumption when the number of lighting was 9, and it 

was found that 100% power consumption can be reduced. And in the same time zone, energy 

can be saved by 55.5% in the morning and at least 44.4% in the evening. 

 

③ Evaluation of use of lighting with direct light - controlled by reflectors 𝒂𝐌𝐈𝐃，𝒃𝐌𝐈𝐃  

Based on the previous results, the uniformity between 11:00 and 12:00 is the largest in any 

season, and even when light is not used in this time zone, it meets the illumination standard. 

The reason for this is that from 11:00 to 12:00, the azimuth of the sun is almost 180 °, and it 

is located a little south of the room. In order to further increase the energy saving rate, as 

shown in Fig 6-1, the reflector is not only moved from the bottom to the top by angle 𝑎𝑀𝐼𝐷, 

but also moved horizontally between left and right by the angle 𝑏𝑀𝐼𝐷 around the center of 

the reflector so that sunlight in any time zone could be reflected to the center of the ceiling. 

And by making calculations in the actual environment, three rows of reflectors were 

controlled at the same time (refer to Figure 6-6) to improve the practicality of the reflector. 

 

As a result, the illuminance in all time zones is over 500 lx for all seasons, the ratio of 

uniformity is more than 0.7, and the illuminance standard is met. Therefore, by utilizing the 

reflector settings in this simulation, the illuminance standard is satisfied even if the office is 

not light up in the time zone from 9:00 to 15:00. 

 

3：Possibility of reducing power consumption 

Based on the above results, it has become clear that the power consumption can be reduced by 

33% or more in the same time zone when there is no direct light (such as cloudy days). When 

there is direct light (fine day), when controlling the reflector at the angle of 𝑎𝑀𝐼𝐷, it is possible 

to reduce the power consumption by 100% at the time zone from 11:00 to 12:00. On the same day, 

at least 55.5% and 44.4% can be conserved in the morning and evening respectively. When three 

rows of reflectors are controlled by angles 𝑎𝑀𝐼𝐷  and 𝑏𝑀𝐼𝐷 , it is clear that an eco-friendly 

lighting environment can be created even without using any lighting fixture within the daylighting 
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period, and 100% power consumption can be reduced. 

Assuming that the working hours of the day is from 9 am to 6 pm for a typical laboratory and the 

power consumption per hour for one hour is 64 W, the power consumption during the day is 64 

W × 9 fluorescent lamps × 9 hours = 5184 W. In comparison with this, when controlling the 

reflector at the angle of 𝑎𝑀𝐼𝐷, it is possible to reduce the power consumption by 42% in summer,

34.6% in spring and autumn, and 25.9% in winter. When three rows of reflectors are controlled 

by angles 𝑎MID and 𝑏MID, the power consumption reduction during the day is 66.7%. As can be

seen from the above, it can be said that daylighting from the window is effective in reducing 

power consumption. 

7-2 Future work 

Currently, in the case of sunny conditions, a sufficient lighting environment can be achieved 

simply by utilizing the reflector even without artificial lighting. The illuminance and the 

uniformity satisfy the illuminance standard in the time zone from 10:00 to 13:00 in spring, autumn 

and summer, and from 12:00 to 15:00 in winter, but the illuminance is somewhat high. In order 

to solve this problem, we want to block incident light partially. This is probably conceivable by 

changing the dimensions of the reflector plate or to partially close the reflector plate from below. 

By adjusting the appropriate amount of light taken from the window, it is possible to create a 

lighting environment that is harmless to the human eyes, and also to reduce the maximum 

illuminance at the room center and to increase the ratio of uniformity. 
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