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Abstract: The number of visually impaired people and elderly people groups are significant,
but the current lighting system used in buildings, which is based on the current standard, cannot
provide the necessary lighting comfort for them. The lighting system should provide the correct
illuminance for every activity and even pattern of light. This research presents the work in progress
in developing the novel adaptive lighting system tailored for visually impaired people, which becomes
the solution to the problem. The behavioral adaptation aspects and the experience and memory
principle are taken into account in the system design. It also makes use of the latest independent
adjustable artificial light (LED) technology, to get an even pattern of lighting, while still considering
efficient energy usage. The proposed system structure uses a wireless sensor network (WSN), big
data processing, and the Artificial Intelligence (AI) sub-system, which can predict and adaptively
regulate the illumination level based on the occupant’s needs and routines. The initial simulation of
the lighting model is presented in this paper. The simulation uses five scenarios in different seasons
and daylight. The simulation shows satisfactory results for illuminance values 200, 250, 300, 500,
and 750 lux, needed by the occupants.

Keywords: elder people; disabled people; lighting comfort; adaptive methods; Artificial Intelligence;
experience and memory principle

1. Introduction

The design of the workplace currently is still lacking in compliance with the disabled group.
For example, the lighting system only considers healthy people because the visually impaired people
are related directly with blindness. This solution does not consider some form of visually impaired
circumstances that needs a higher level of illuminance [1]; instead, it considers total blindness, which
requires no illuminance.

The elder people group is reaching 617 million, or about 8.5 percent, of people worldwide.
This number is continuously growing in terms of numbers and percentages. In 2050, it is predicted
to reach about 17% of the world’s population of about 1.6 billion [2]. The older people suffer less
sensitivity in their visual sensory systems. They need higher illuminance rather than the people with
good visual sensory like the younger groups. Besides the older people, the number of disabled people
is also significant.

Solving this problem will not be adequate just by raising the illuminance factors. The higher
illuminance means higher energy usage. There should be a smart system so that a higher illuminance
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is only applied when necessary. Energy efficiency is becoming the primary concern to cope with Global
Climate Change (GCC). The GCC can increase the needs of energy by 3% all over the world [3]. Some
negative impacts were dominating in the later years, especially in the poor regions [4]. The system
will be able to provide lighting comfort but still considers minimizing energy usage. It will be able to
adjust the illumination level to cope with the different occupants’ activities.

Multifunctional or flexible rooms are becoming more common in the new dwellings. In these
rooms, some activities can be done consecutively. The example of the flexible rooms is the kitchen
and dining room combination, bathtub in the bedroom, indoor play area, multifunctional rooms,
convertible bedrooms, and integrated home offices [5,6]. This mixed activity is the reason why
the adaptive system is the solution for the future. A well-designed lighting system can give comfort to
the occupants. Human comfort is a condition of mind which expresses satisfaction or adaptation with
the immediate environment. Human comfort can be divided into smaller aspects, such as lighting
comfort, acoustics comfort, air quality, and thermal comfort [7,8]. The main aspects of lighting comfort
are stated in the United Kingdom: the Education and Skills Funding Agency (ESFA) is the lighting level
and uniformity [9]. This applies when the multifunctional or flexible room space is limited and used
as a learning space similar to the classroom. A newly proposed method for assessing lighting comfort
is based on illuminance and uniformity, glare, color appearance, flexibility, and healthiness [10]. Based
on this work, the lighting criteria weights for lighting comfort are still dominated by illuminance,
uniformity, and glare.

This paper is based on our ongoing project’s first phase; it focuses on giving the correct illumination
for the room. The paper was published in the Developments in eSystems Engineering (DeSE) 2019
conference [11]. This work, which is the next phase, improves the smart adaptive lighting system,
providing lighting comfort for the occupants, especially the visually impaired people or elderly people
who are not covered by the current lighting standard. The adaptive behavioral approach is used,
with the principle of experience and memory to be implemented in residential houses typically found
in the United Kingdom. This system can be deployed in the newly developed dwellings or refurbished
houses. The lamps were not individually controlled in association with the average daylight coming
from windows in the previous work. Most of the work uses the on–off lamp scheme. The result
is the non-uniform intensity and can still trigger the discomfort situation, especially when there is
another light source that cannot be controlled. This system will offer dimmable Light Emitting Diode
(LED) as the controlled artificial light source in the absence of natural light. The comfort is achieved by
giving even lighting patterns and variable illuminance levels according to the occupant’s activities.

The system will have the capability to address the individual’s needs for lighting illuminance
levels. This factor is essential due to the unique individual perception of lighting, especially for
the elder or disabled user groups. The proposed system structure will use the wireless sensor network
(WSN) and big-data processing as the main components. The system will also have an Artificial
Intelligent (AI) sub-system capable of predicting and adaptively regulating the illumination level
based on the occupant’s needs. As a pilot stage of the proposed system, the light simulation model is
implemented by using DIALux simulation software. The results obtained are discussed in this paper.

2. Lighting Standard and Visual Impairment

The British Standard related to light and lighting for indoor workplaces is BS EN 12464-1:2011.
This British Standard is the UK implementation of the European Standard EN 12464-1:2011.
This light-illuminance-level guidance will help gain comfort, safety, and health for the occupants
according to similar industry activities, which are related to the activities at home. Some notable values
are mentioned in Table 1.
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Table 1. Illumination standards mentioned in BS EN 12464-1:2011 [12].

Illumination Activities

200 lux canteen, pantries, feed preparation, dairy, utensil washing, bakery preparation and
baking, laundry ironing, lounges, entrance halls, and library bookshelves area

300 lux bakery finishing, glazing, decorating, playroom, nursery, handicraft room,
classroom, music practice, and computer practice

500 lux

sickbay, hairdressing, cutting, gilding, embossing, block engraving, work on stones
and platens, printing machines, matrix making, writing, typing, reading, data
processing, restaurant’s kitchen, library reading area, the classroom for evening
classes, lecture hall, demonstration table, practical rooms, and handicraft room

750 lux for laundry inspection and repairs, and art and technical drawing

Table 1 shows the standard illumination which should be provided by the lighting system
in the flexible room. The values of 0 to 750 lux are the standard for a non-disabled person.

According to the World Health Organization (WHO), at least 2.2 billion people have a vision
impairment or blindness. This value also consists of moderate or severe distance vision impairment
or blindness due to unaddressed refractive error and near vision impairment. These impairments
are classified into two groups, distance and near, presenting vision impairment. The experience of
vision impairment varies due to many different factors [13]. Distance vision impairment is classified as
follows:

• Mild—presenting visual acuity worse than 6/12;
• Moderate—presenting visual acuity worse than 6/18;
• Severe—presenting visual acuity worse than 6/60;
• Blindness—presenting visual acuity worse than 3/60.

Previous experiments found that the illumination level should be adjusted to fulfil the need for
low-vision occupants. The most significant change in lighting illumination happens in the kitchen,
around the sink. The standard value is about 300 lux and should be adjusted to 1000 lux, while
the lowest change is for the dining table. The initial value of 250 lux has to be adjusted to reach
400 lux [14]. The other focus for lighting comfort is for the needs of the elder who have the Age-Related
Macular Degeneration (AMD) [15]. The work presents the need for higher illumination, which can
lead to better reading performance and comfort. From 13 respondents, it is shown that the pattern
of reading comforts is varied, unlike the reading speed. The reading comfort can decrease while
the reading speed is constant or even increase. Another work related to AMD also presented with
25 respondents [16].

There are some specific standards to be used in the premises with visual impaired inhabitants
like CIE 1,231,997 low-vision lighting needs for the partially sighted, CIE 196:2011 CIE guide to
increasing accessibility in light and lighting, and CIE 227:2017 lighting for older people and people
with visually impaired in building [17]. These standards have not yet been acknowledged by
the ISO, British Standards, and European Standard to be mandatory for the building or public places,
so the implementation for these standards is still limited.

3. Human Comfort, Adaptive Methods, and Lighting Comfort

The research on human comfort gained attention in the early 1920s, when it became possible
to control the indoor environment’s microclimate directly. This research was beginning to better
control the temperature, which was previously being regulated with fireplaces. After the 1950s,
the research focused on creating a building model as an open system and using thermodynamics
laws [18]. In the 1970s, Fanger’s comfort model was introduced, and it has become the standard
reference for thermal comfort. This model involves the physics and physiology of the human body to
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make the system energy-efficient [19]. In the twentieth century, the focus went to human health and
comfort due to proper controlling [18].

The Fanger model, referred to as the Predicted Mean Vote (PMV)/Predicted Percentage of
Dissatisfied (PPD), is still facing challenges due to the parameters not represented in the model.
The adaptive methods were introduced by Nicol and Humphreys, to overcome uncovered parameters
in PMV/PPD [7,8]. The adaptive model is formulated on the nature of humans who can adapt.
This model acknowledges the gender, age, and metabolism differences and becomes adaptable for
an individual.

Naturally, people already have the adaptive act upon by the environment and have the behavioral
actions clustered as self-adaptation category and adaptation to the environment category. There are
three types of adaptation. The first is a physiological adaptation, representing the body’s reaction
because of the change in the surroundings. The body then tries to adapt and find comfort. The second
is psychological. This adaptation is derived from the state of mind of previous experiences. The third
adaptation is related to human behavior [20]. Adaptive behaviors in response to indoor environmental
conditions provided by lighting systems are as follows [21]:

• Electric lighting category: covering room surface, opening or closing operable curtains, adjusting
electric lighting operative hours, using desktop USB lamp instead of electrical lighting, adjusting
desktop or task surface, switching lighting (s) manually, and switching lighting(s) by using
the feedback system.

• Natural lighting category: changing position or direction of furniture, covering room surface,
opening or closing operable curtains, opening or closing curtain(s) by remote control, opening or
closing curtain(s) by a feedback system, opening or closing the operable window(s), and opening
or closing window(s) by the feedback system.

Time is crucial for behavioral interactions. There are four typical periods for the interactions,
as follows:

1. Immediate, for example, the use of coat in anticipation of a thermal change;
2. Within-day, for example, the clothing changes to cope with changing environments

within a particular day;
3. Day-to-day, for example, the learning process from the previous experiences to cope with changing

conditions such as the weather;
4. Longer-term, for example, the clothing adaptation with the seasonal changes and activities

learned over a more extended period.

The value will change according to the climate, place, and time [22].
Even though lighting comfort studies are not conducted as much as other comfort aspects, some

notable studies on lighting have been conducted on a wide range of applications. Illumination, which is
related to the office’s activity, using visual display or computer terminal, is essential. The recommended
value for vertical illuminance is 351.6 lux [23], with the consideration of glare. A study for visual
display terminal was conducted with the focus on elaborating the natural lighting with its effect on
health and productivity [24]. In this work, limiting excessive daylight exposure will also impact
individuals to have better cognitive, affective, and physiological processes. Visual fatigue is also
essential to be considered when designing the illumination for the workplace, primarily for critical
work [25]. This work also endorses the personal lighting scheme, which can be adjusted according to
the activity and working position.

The framework review for personalized control [26] is also presented to make the system perform
the automatic task. The study also focuses on implementing the on–off system to lower energy
usage [27,28]. The other parameter which can support energy saving, like blinds, can also be controlled
automatically. Some approaches are deployed to gain better control for lighting by using Artificial
Intelligence (AI). One of the AI methods is an Artificial Neural Network (ANN) to simplify the model of
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parameter tuning [29] and the use of reinforcement learning to gain knowledge on the schedule-based
and occupancy-based control scenarios and use it to control lighting [30].

4. Principle of Experience and Memory

The adaptive approach involves aspects of behavior and psychology, instead of merely physiology.
Considering this, the author refers to the works of the Nobel Prize winner Daniel Kahneman. This work
compares the experiences that human gets with the memory that they developed upon these experiences.
Not all happy experiences will be remembered, and not all sad or painful experiences are stored
in memory. Kahneman’s trial is about medical patients’ eagerness to undergo medical treatment based
on their previous memory about their previous medical treatment. Kahneman found an anomaly
in the colonoscopy patients. The common perceptions, which are the experience approach, definitely
judge that the long process of colonoscopy, which triggers the pain, will be more memorable and
avoided by the patients. Kahneman’s research results show that the shorter process, but with higher
pain, for colonoscopy will trigger more threatening memory than the longer process that has less pain
memorized [31]. Patients who underwent the extended procedure also ranked the procedure as less
aversive. The eagerness to face the same treatment rate will be higher than the other patients with
the shorter process but with more pain in memory [32].

The colonoscopy trial follows other Kahneman trials in 1993 with perception in dipping hands
in the water [33]. The respondents have to dip their hands in the 14 ◦C for 1 min, and the second trial
with the same temperature and time, but then the water gradually raised to 15 ◦C for 30 s. By raising
the water temperature, it will become less painful. The trial is repeated, and the respondents have
to select which trial they prefer to repeat. The majority of the respondents select the second trial.
These results also represent that the pain duration will not play a significant role in the memory
building. It will also show that memory will be formed more on the final moments of episodes.

The other trial from Kahneman is about the students’ perceptions of living in California. The result
says that students assumed that living in California should be giving more satisfaction with the climate,
but they failed to conclude that the weather does not affect all aspects of life. The trial represents that
people cannot imagine the effect of adaptation that will impact their happiness. Similar findings also
applied to the disabled-people group. The measurements of their quality of life should be directly
measured rather than having healthy people for valuing if the disability condition occurred to them.
The reason behind this is that it will reflect the non-disabled people’s reflection on their frightening
feelings to be in the disabled condition [34].

Another trial also reveals that people are wrong in predicting the perception over some time.
This conclusion is taken after the trial on giving people their favorite ice cream flavor for seven days.
Some participants are quite happy, but some are tired of it [34]. This finding will also be beneficial for
the health and safety aspects where the consent is usually taken before the treatment, and the patient
can have a serious decision change after experiencing the treatment.

One key factor that affects experience is adaptation. The adaptation is identified by Kahneman’s
study of paraplegics and lottery winners. There will be some amount of adaptation, so that, for
a paraplegic person, it will be awful one month after the accident and become lighter within a year.
A similar experience happens to a lottery winner [34]. The symptom happens because people imagine
the transition to the condition without feeling or experiencing the actual condition. The evaluation of
the condition should be done from time to time and not be based on memory.

Regarding the experiences, there will be a stronger correlation to happiness rather than with
satisfaction. People can control the parameters that can make them happy and allocate their time on
this. Thus, giving more time to the activity which delivers happier activities can increase satisfaction
in general.
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5. System Design

5.1. Wireless Sensor Networks (WSN)

In recent years, due to the growing low-cost sensing solutions, the provision of lighting and
thermal comfort has been widely increased to existing and future smart buildings, to aid productivity,
health, and well-being. Many sensors are potentially used widely in the home comfort system with
easier installation and control. The WSN will change the approach of the system solution. WSN is
a network of sensors with unique characteristics. The nodes have limited power, limited processing
power, and limited transmission range. There might be a connection to more powerful servers (cloud).
The circuits are also relatively simple, but they have enough power to do their tasks. These sensors are
beginning to be very common and are sometimes called the internet-of-things devices. Zigbee is one of
the WSN which is suitable to form a real-time control system [35]. Zigbee can form a mesh network
capable of giving fault-tolerant capability and sufficient data transmission distance from a distributed
indoor controller [36].

5.2. Adaptive Approach Improvement by the Use of AI

The adaptive approach involves a variety human physiology, psychology, and behavior factors.
Considering these three parameters, which are not easily calculated by using the empirical values,
the use of AI methods will give an advantage. The pattern for human behavior data is sometimes
not single-valued. It can be very different from one to another, and the pattern will not be uniform.
In order to still achieve comfort, to maintain health and safety within the energy efficiency corridor,
the AI method is needed.

The system will have the ability to cope with such variability and be able to adapt to get the optimal
performances. These methods give the system the capability to act like uninterrupted human control
and being called as having Artificial Intelligence (AI). Supported by AI features, the control system
can gain a better solution and can cope with people’s preferences. The setting adjustment can be
made based on the personal preferences fed into the system as training data. There are currently two
most common methods in AI for thermal comfort. The first method is Fuzzy Logic, or Fuzzy in short,
and the second method is an Artificial Neural Network (ANN) [37].

The Fuzzy method uses the human verbal interpretation of human sensing, like “warm” or “cool”.
This judgment is not easy to be interpreted by the system. In the human comfort application, fuzzy
methods are used in the control system, to achieve more comfort with minimal effort. The ANN,
which is also known as deep learning, is the system’s ability to gain from the human sensory analogy.
This method uses black-box-like methods. The system is given a set of learning processes and then
develops its internal processing. With this approach, the same system can give a different response
when developed by using a different set of data. This method is a standard method to develop
the human comfort system. The ANN is used because not all of the behavioral factors are well-known.

In this adaptive lighting system, the use of AI will be beneficial to achieve the lighting comfort
due to the complexity of the parameters. The use of ANN can deliver the personalized lighting
for the lighting comfort. The system will deliver the standard illumination value by controlling
the dimmable LED luminaire. Users can alter the value based on their lighting comfort or activity
which is stored in the system for system learning process. The ANN inference will be used for the next
system predefined illumination values when the system encounters an identical scenario. The system
will try to provide the closest prediction of the user lighting comfort condition.

The ANN will also be used to acquire the user’s behavioral aspects, which will help achieve
user comfort. In the case of the excessive natural light enters the room, and the user does not want
the system to close the blind completely, the user can store his/her preferences. This feature will make
the system handle the dynamics parameter, which is sometimes difficult to solve.
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5.3. Infrastructure Design

The approach of the infrastructure design is the use of the WSN to simplify the installation and
give the ability for system expansion and scaling. The infrastructure design is shown in Figure 1
and displays the upper tier, a services tier (cloud-based services). This entity consists of the database
server and application server. The database server is used to store the sensor reading data and
the preference data of the occupants. The sensor data will be used to do the calculation for
the recommendation set, and the preference data will be used to push the scheduled activity and to
set it to the controller. The application server will be used to give the administrator access to set up
the rule and maintain the system. The user can log into the system from remote areas. to control
the system from a distance.

Figure 1. The proposed system diagram.

The middle tier is the controller located in the house or apartments. This controller can do the local
calculation for immediate response to the user’s requests or provide the best comfort setting to the user.
This tier can also submit or route the data if the controller cannot do the fast calculation for the massive
data required to be sent to the cloud for cloud processing. On the contrary, the controller can also
conduct action or command sent by the cloud to the actuator. The connection of the middle tier to
the cloud can be made by using Internet Protocol. This connection can be in the form of a cellular data
connection or optical fiber. Users can also have direct access to the controller via their smartphones,
through their Wi-Fi or Bluetooth.

The lower tier is the sensors and actuators. These sensors and actuators are connected to
the middle tier by the distributed controller (WSN). The sensors can be a passive infra-red sensor to
detect the presence of occupants and a light sensor, to measure the illumination values. Another type of
sensor is the camera or thermal camera to get some data. The new sensor can be added and advertised
in the specific room, to support the lighting control according to the sensor placement. The actuators
for this system are the independent LED for lighting and the blind actuator for controlling the blind
automatically. Another actuator, such as window tinting, can also be used for this system. Calculating
the perfect lighting scenario will be too difficult for the system to anticipate the glare, mainly because
the user will not be static. This system will give full control to the user to alter the value suggested by
the system and save the preferred values, with the awareness of its impact on energy usage. The user
setting values will be stored in the system as user preference.
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5.4. System Flow

The system works by the user’s triggering it. The trigger can be in the form of a user request from
the application in their smartphone or their presence. The system flow can be seen in Figure 2. When
the user enters the premises, the system will give the command to set the illuminance for even pattern
for 200 lux. If the user has set the routine, then the system will light the lamp according to the preset
value. These values will form rule-based and case-based reasoning to build core Artificial Intelligence
(AI) [38]. The system will react based on the set of rules and knowledge gathered before the event.
If no data are found, then the system will give the prediction of the activity based on the location
of the work pane of the user. Users can also give correction directly from their smartphone at any
time. This feature will make the system adaptive to user needs. This value can be stored in the system
database, to create the user profile. The system can also adapt to the user activities which need a different
set of lighting illumination value. If the user leaves the premises, the system can automatically switch
off the LED illumination, in order to conserve energy. The user can also override the settings.

5.5. Principle of Experience and Memory for Lighting Comfort

Gaining user confidence and trust can be done by using the principle of experience and memory.
This trust will be crucial to trigger a comfortable situation that the user needs in terms of the psychological
aspect. The previous research also found that people can still feel uncomfortable even with the correct
setting, due to other comfort factors. The adaptive lighting model, which considers the behavioral
aspects, is shown in the system flow model, which is shown in Figure 3.

The model is developed based on Kahneman’s work, and it can be concluded that people will
remember information better if it triggers their curiosity and additional moments of episodes, especially
the final moments. Based on this work and our surveys on a smart system, the system’s design should
do the following:

• Give memorable comfort experiences, especially during the transition of each lighting scheme.
• Give the ability to experience, without the users having to develop their perception at the beginning

of using the system. The exploration needs continuous sensing and interaction to give comfortable,
memorable experiences.

• Give an illumination recommendation based on a certain standard. This is based on the ice cream
trial, which shows that people are wrong in predicting the perception over some time.

• Give more time to the activity, which means that it delivers happy feelings and increases satisfaction
in general.

• Give secure effect. The sensor usage should not become a privacy breach to the user (not to lose
the user’s confidence in the system).

The design criteria above give us the direction to design the lighting system, which does
the following:

• Uses the adaptive algorithm which can record user behavior, so that the system can always provide
a memorable comfort;

• Is able to set the illumination of the room before the occupants enter the room, based on the user
preferences’ illumination behavior data;

• Is able to give standard references according to the health regulation, but able to be overridden by
the user to get his/her comfort;

• Can provide a kind of gamification [39], to give memorable comfort for the user. The gamification
can give enough time for the perception to be experienced;

• Is able to display the selection of prioritization to the user that needs the lighting for
specific purposes;

• Secures enough for the sensor’s data output to be stored and accessed by the customer based
on the rights given.
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Therefore, this system will use the dimmable LED as the controlled artificial light source
in the absence of the natural light. The dimmable LED can also be used to balance the uneven pattern
of natural light. The blind is used to block excessive light due to the presence of natural light, which is
too bright. The use of the dimmable LED will also help set the different lighting scenarios to adapt to
the need for elderly or disabled occupants. The individual control of the lights and blinds are getting
the benefit of the use of the WSN.Buildings 2020, 10, x FOR PEER REVIEW 9 of 23 
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5.6. User Interface Design

The user interface of this system is designed to be as simple as possible and have the capability
to be operated by elderly or disabled occupants. After the user logs into the system, the user can set
the preferred illumination level, if needed, and store the setting in the preference data. The detail of
the illumination values is given just to inform the user of the standard values mentioned in BS EN
12464-1:2011. The user interface design layout is shown in Figure 4.
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This simulation uses the overhead base lighting for the room. The blind has two conditions, which
are open and close. The system aims to provide the desired illumination values and the uniformity of
in the room similar to the education premises. The use of other lighting types, such as table lamp, floor
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lamp, and task lighting, is not implemented in this design, due to the dynamic nature of this lamp type
and the complexity of the parameters.

The ability to select lighting preferences, non-uniform lighting scheme to conserve energy, the user
position detection and activity, and the use of personalized luminaire, along with the use of sensor
network, will be the next phase of this research. The use of different lighting colors, to give comfort to
the user, is not the focus of this research.

6. Simulation Result and Discussion

Before deploying the prototype, the system was implemented in the form of simulation
in DIALuxEvo 8.1 software. The system’s simulation uses the Liverpool John Moores University
(LJMU) Exemplar houses for the simulation model to represent the real environment. These houses are
the research houses built in the LJMU campus area, to conduct the new technology trial in the different
house’s era. There are three houses to represent the 1920s era, 1970s era, and 2010s era. The lighting
simulation model is built based on the 2010s era house. The picture of the LJMU Exemplar houses,
the Computer-aided Design (CAD) drawing of the 2010s era house, and the lighting model for
the multifunction room in the 2010s era house can be seen in Appendix B, Figure A1. The multifunction
activities in this house cover the function of the kitchen, dining area, reading area, handicraft room, art
room, and other similar functions.

6.1. Simulation Parameters

The simulation parameters are very crucial for this lighting simulation. For the natural light,
the latitude and longitude of the location, reference sky, the date, and time will decide the natural
light pattern and the illumination parameter. The result of the pattern used in this simulation can
be seen in Figure 6. The parameters shown in Table 2 will decide the behavior of the artificial light.
These parameters are based on the real physical property of LJMU Exemplar houses. In order to
make the model more realistic, dimmable commercially available LEDs are used. The number of
luminaires is calculated by using Equations (A1) and (A2) in Appendix A, with eight luminaires
as a result. The maximum value of the illumination is 750 lux, according to the standard from BS EN
12464-1:2011 [12]. The system is designed to provide up to 1000 lux, so that the disabled occupants
who require higher illumination value can be accommodated for adaptive purposes.

Buildings 2020, 10, x FOR PEER REVIEW 13 of 23 

Table 2. Simulation parameters and values. 

Simulation Parameters Values 
Room Size 13 m2 (5m × 2.6 m) 

Ceiling Reflectance 75% 
Wall Reflectance 50% 
Floor Reflectance 20% 

Maintenance Factor 0.80 
Clearance Height 2.9 m 

Work plane Height 0.76m 
Window Size 0.83 m2 (1.82 m × 1.2 m) 

Number of Luminaire 8 

Luminaire Type 
Thorn Lighting Dimmable Novaline LED3500-840 HFI E3 WH 

96643238 
Max Illumination <1000 lux  

Site Location Liverpool, Eng 
Site Latitude 53.41° (53.41° N) 

Site Longitude −2.98° (2.98° W)  
Time Zone (UTC+00:00) Dublin, Edinburgh, Lisbon, London 

Reference Sky Type Average sky 

 
Figure 6. The uneven pattern of the daylight simulation at sub-scenario A, 6:00 a.m., 1 May 2019, in 
DIALuxEvo 8.1. 

6.2. Simulation Result 

The simulation was done in five scenarios. These scenarios were verified with three 
sub-scenarios, to represent all-year-long conditions where the sun positions are different. These 
sub-scenarios are at the following times: A = 6:00 a.m., 1 May 2019; B = 9:00 a.m., 5 June 2019; and C = 
4:00 p.m., 10 November 2019. The first scenarios are all daylight simulation. With only the natural 
light, the light pattern will create discomfort, since the light produces an uneven pattern. The 
condition will result in visual fatigue or, sometimes, headaches, if occupants keep staring at different 
scenes with different lighting levels. The result of this pattern can be seen in Figure 7. If the natural 
light is too bright, the controller should activate the blind control or glass tinting, to lower the 
illumination level and avoid glare, based on the user preference. 

The second to the fifth scenario all use the same natural light as in the first scenario. The 
scenarios show that the natural light can still be used to lower the use of artificial light power, so that 
the energy can still be conserved without having to make the lighting pattern uneven. Figure 8 
shows the lighting pattern for 200 lux illumination. It is still distributed evenly with two sources of 
lighting, which are artificial and natural light. The other simulation result for 300, 500, and 750 lux 
can be seen in Appendix C, Figures A2–A4, respectively. 

Figure 6. The uneven pattern of the daylight simulation at sub-scenario A, 6:00 a.m., 1 May 2019,
in DIALuxEvo 8.1.



Buildings 2020, 10, 168 13 of 23

Table 2. Simulation parameters and values.

Simulation Parameters Values

Room Size 13 m2 (5m × 2.6 m)
Ceiling Reflectance 75%

Wall Reflectance 50%
Floor Reflectance 20%

Maintenance Factor 0.80
Clearance Height 2.9 m

Work plane Height 0.76m
Window Size 0.83 m2 (1.82 m × 1.2 m)

Number of Luminaire 8
Luminaire Type Thorn Lighting Dimmable Novaline LED3500-840 HFI E3 WH 96643238

Max Illumination <1000 lux
Site Location Liverpool, Eng
Site Latitude 53.41◦ (53.41◦ N)

Site Longitude −2.98◦ (2.98◦ W)
Time Zone (UTC+00:00) Dublin, Edinburgh, Lisbon, London

Reference Sky Type Average sky

6.2. Simulation Result

The simulation was done in five scenarios. These scenarios were verified with three sub-scenarios,
to represent all-year-long conditions where the sun positions are different. These sub-scenarios are
at the following times: A = 6:00 a.m., 1 May 2019; B = 9:00 a.m., 5 June 2019; and C = 4:00 p.m.,
10 November 2019. The first scenarios are all daylight simulation. With only the natural light, the light
pattern will create discomfort, since the light produces an uneven pattern. The condition will result
in visual fatigue or, sometimes, headaches, if occupants keep staring at different scenes with different
lighting levels. The result of this pattern can be seen in Figure 7. If the natural light is too bright,
the controller should activate the blind control or glass tinting, to lower the illumination level and
avoid glare, based on the user preference.

The second to the fifth scenario all use the same natural light as in the first scenario. The scenarios
show that the natural light can still be used to lower the use of artificial light power, so that the energy
can still be conserved without having to make the lighting pattern uneven. Figure 8 shows the lighting
pattern for 200 lux illumination. It is still distributed evenly with two sources of lighting, which
are artificial and natural light. The other simulation result for 300, 500, and 750 lux can be seen
in Appendix C, Figures A2–A4, respectively.

Based on the simulation, the sun position’s difference in the different seasons will be anticipated
with the variability of the illuminance level from each dimmable light. The adaptive behavioral factors
can also be acknowledged by the system. As shown in Figure 4, the occupants can increase or decrease
the illumination level by selecting the + or −menu. The user can also store the value for routine preset,
which becomes the occupant’s feedback for the system. In this simulation, the feedback is represented
by the intermediate value of 250 lux. This value represents the decreased value from 300 lux and
the increased value of 200 lux. The design also allows flexibility if the occupants want to increase
the value of more than 750 lux. The value is limited to 1000 lux maximum, due to functionality and
economic reasons.
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Figure 8. The even pattern of the simulation result from combining the artificial light of the smart
adaptive lighting system for 200 lux illumination and the sunlight in DIALuxEvo 8.1 (a) at sub-scenario
A, 6:00 a.m., 1 May 2019; (b) at sub-scenario B, 9:00 a.m., 5 June 2019, the 200 lux contour is not visible
in the diagram; and (c) at sub-scenario C, 4:00 p.m., 10 November 2019.

Based on this simulation result, the percentage of the LED luminaire power is tabulated to form
Table 3 for sub-scenario A, Table 4 for sub-scenario B, and Table 5 for sub-scenario C.
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Table 3. Simulation results from sub-scenario A, 6:00 a.m., 1 May 2019.

Illuminance (Lux)
LED Power (in %)

L8 L7 L6 L5 L4 L3 L2 L1

200 11 11 22 22 22 22 22 22
250 15 15 25 25 25 25 25 25
300 30 30 40 40 40 40 40 40
500 57 57 65 65 65 65 65 65
750 87 87 92 92 92 92 92 92

<1000 100 100 100 100 100 100 100 100

Table 4. Simulation results from sub-scenario B, 9:00 a.m., 5 June 2019.

Illuminance (Lux)
LED Power (in %)

L8 L7 L6 L5 L4 L3 L2 L1

200 0 0 0 0 22 22 22 22
250 0 0 15 15 20 20 25 25
300 0 0 25 0 35 35 35 35
500 0 0 40 40 65 65 65 65
750 0 0 65 65 92 92 92 92

<1000 13 0 70 70 100 100 100 100

Table 5. Simulation results from sub-scenario C, 4:00 p.m., 10 November 2019.

Illuminance (Lux)
LED Power (in %)

L8 L7 L6 L5 L4 L3 L2 L1

200 11 11 22 22 22 22 22 22
250 15 15 25 25 25 25 25 25
300 30 30 40 40 40 40 40 40
500 57 57 65 65 65 65 65 65
750 87 87 92 92 92 92 92 92

<1000 100 100 100 100 100 100 100 100

6.3. Discussion

The simulation results show that the evenly lighting pattern can be achieved by controlling
the independent controlled LED. This simulation uses base lighting with identical LED luminaires.
The occupants can also increase or decrease the illumination values, making the system adaptive to
the personal lighting needs, to achieve excellent visual performance. In this model, the user-controlled
values are represented by the illumination level of 250 lux and <1000 lux. Hence, the lighting comfort
can be achieved by using this system. With this capability, the user who has different needs of
the illumination values can be assisted. The different illumination values needed by the same user but
doing different activities can also be supported. The AI sub-system, which will be developed in the next
phase of the system, will give the capability to store the user preferences and give the predicted
illumination values based on the previous user preferences. This value can be overridden by the user
and will become the preferred value.

When the natural light is involved, the system can compensate and maintain the uniformity of
the illumination. This approach will reduce the energy needed for illumination. The illumination value
will be read by using the wireless sensor network (WSN). The use of the WSN is to maintain the scalability
factor, so that, if the networks of sensors are not adequate, the new sensor can simply be introduced to
the location. The use of blinds will be used to limit the value of the natural light. The individual needs
of the occupants can also be fulfilled by using the adaptive approach of the system. The users can
override the setting, so if they prefer to have the outside view but still tolerate the higher illumination
value or glare, they can still store their preference.
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However, this system is only focused on the illumination values and the uniformity of
the multifunctional or flexible room which are used similar to the education premises and focus
on the base lighting. The fact that the lower illumination value in the area away from the working
area for energy conservation is not implemented in this model. The possibility to select a non-uniform
lighting scenario for energy savings, and the use of more dynamic and personalized luminaire, such
as a table lamp, might be introduced later in the system. These features will trigger more parameter
complexity for the control algorithm and will be solved by using the AI sub-system. The use of
the ambient sensor, the user position detection, and the behavioral factor will be the aim of the next
phase of this research, which develops the AI sub-system. The other aspect of lighting approaches,
such as giving different lighting color, is not the focus of this paper.

7. Conclusions

This paper presents the work in progress in the development of the novel adaptive lighting system.
The solution is based on the adaptive approach, which can give flexibility and personalization for
the occupants. The system uses the principles addressed by the experience and memory principle for
the adaptive behavioral feature. It also makes use of the latest independent adjustable artificial light
(LED) technology as the base luminaire, to get an even pattern of the lighting, while still considering
efficient energy usage. The proposed system components use a wireless sensor network (WSN) and
big-data processing. The design employs an Artificial Intelligence (AI) sub-system, which can predict
and adaptively regulate the illumination level, based on the occupant’s needs or routine.

The initial simulation of the lighting model is using DIALux software with real parameters and
components. The simulation uses five scenarios and is modeled based on the LJMU Building Research
Establishment (BRE) house. The simulation with different daylight patterns shows that this system can
give even lighting patterns for illuminance values 200, 250, 300, 500, and 750 lux, which are needed by
the occupants. The simulated system was found to be satisfactory. This system can be extended to
cope with other occupants’ needs. Further work is in progress to analyze the big-data and Artificial
Intelligence scenario, which gives the system the ability to give the user preferred illumination value.
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supervision, A.C. All authors have read and agreed to the published version of the manuscript.
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Appendix A The Lumen Method

Lighting comfort aims to provide adequate uniform lighting in a room. This amount of illuminance
is typically measured in lux [40]. The illumination level is commonly calculated by using the lumen
method. This calculation is based on uniform geometry with the fixed intensity of all of the lamps [41].
The formula for calculating the number of lamps required according to the lumen method is shown
in Equation (A1).

N =
E ∗A

n ∗ F ∗UF ∗ LLF
(A1)

where N = The number of lamps required, E = required illuminance (Lux level on a working plane),
A = area of the room (m2), n = the number of lamps in every luminaire, F = total lumens output per
lamp, UF = utilization factor (the function of the luminaire properties and room geometry), and LLF or
MF = light loss factor or maintenance factor (the function of the depreciation over time of luminaire
output).

In the case of solid-state lighting/Light Emitting Diode (LED), the measurements reflect
the luminaire’s actual condition. Hence, the luminaire is assumed to have 100% efficiency (can use
the lumens value in the photometric report). The light loss factors, which are related to changing the lamp
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or ballast, are eliminated. However, there are non-recoverable LLFs. The thermal application factor
is when LED has excessive temperature and the current is reduced. Luminaire surface depreciation
factor can become a problem because LED has a more extended use than the conventional luminaire.

The possibility of inaccurate metering for LED and FL lamps might happen. There is an influence
of different photometric observers on illuminance measurement accuracy performed by contemporary
lux meters [42]. The correction factor applied to the lux meters can make the error double
if applied incorrectly.

UF can be referred from the table if the room index value is known. The room index computation
can be calculated by using Equation (A2).

RoomIndex =
(L ∗W)

Hm(L + W)
(A2)

where L = room length, W = room width, and Hm = the height of luminaire above the working plane.

Appendix B Model and Simulation Premise
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Figure A2. The even pattern of the simulation result from combining the artificial light of the smart
adaptive lighting system for 300 lux illumination and the sunlight in DIALuxEvo 8.1 (a) at sub-scenario
A, 6:00 a.m., 1 May 2019; (b) at sub-scenario B, 9:00 a.m., 5 June 2019; and (c) at sub-scenario C, 4:00 p.m.,
10 November 2019.
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Figure A3. The even pattern of the simulation result from combining the artificial light of the smart
adaptive lighting system for 500 lux illumination and the sunlight in DIALuxEvo 8.1 (a) at sub-scenario
A, 6:00 a.m., 1 May 2019; (b) at sub-scenario B, 9:00 a.m., 5 June 2019; and (c) at sub-scenario C, 4:00 p.m.,
10 November 2019.
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