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Abstract—We have been proposing the Intelligent Lighting
System that can provide specific sections of the office space with
lightings of varying illuminance. Using the influence of lightings
on illuminance sensors, the system can satisfy the required
lighting conditions within a few minutes. However, in some cases
a spot must be lit up more quickly. In this research, we propose an
improvement to the Intelligent Lighting System that uses visible
light communication to achieve direct communication between
the lights and illuminance sensors. We confirmed that the new
system is able to make illuminance converge to a preset target in
considerably shorter times and that it can respond adaptively to
the movements of illuminance sensors.

Index Terms—Lighting Control, Optimization,Office Environ-
ment,Jlluminance,Visible Light Communication

I. INTRODUCTION

In recent years, as information system technologies develop,
more and more systems are made to be intelligent, in that
they adapt their behavior and management to the user or
environment, thus making tasks easier for humans. However,
lighting systems, despite their importance in our everyday
lives, have yet to see much intelligence.

With current lighting systems, lighting patterns depend
heavily on the placement of switches and cables, making it
difficult to light up in a given pattern. Also, they tend to
consume too much power especially in modern offices where
many of the workers are using LCDs. This must be dealt with,
for lighting is responsible for more than 20% of the energy
consumption in a typical office building.

In light of these circumstances, researches of autonomous
lighting systems are under way to achieve complex lighting
patterns and lower power consumption. One such system is
the self-control system. In the self-control system, illuminance
sensors embedded in lights sense the reflections of the installed
and external lights, and use the values to control the dimmers.
The system can keep the illuminance of the desktops to a
certain value and the light emission to a minimum, thus
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lowering power consumption. However, systems of this type
use fixed sensors and control lightings in groups, which makes
it unsuitable for providing a given amount of light for a given
spot.

Meanwhile, we are researching and developing a new type
of system (the Intelligent Lighting System) to tackle this
problem[1],[2]. The Intelligent Lighting System provides a
given spot with a given illuminance by distributed autonomous
control. In earlier papers we have proposed ANA/CC (Adaptive
Neighborhood Algorithm using Correlation Coefficient) as a
control algorithm for this system[3]. This algorithm is based on
SHC (Stochastic Hill Climbing), a type of generic optimization
strategy. Given multiple constraints concerning illuminance,
this algorithm computes a combination of luminances with the
minimum amount of overall power consumption. In order to
perform this optimization efficiently, the system estimates the
spatial relationships of lights and illuminance sensors from the
correlation of light luminance and sensor illuminance values.

We have confirmed the basic capabilities of the Intelligent
Lighting System in previous laboratory experiments. In a room
with 15 lights, the system was able to achieve a lighting pattern
that satisfies the requirements of 3 different users and, at the
same time, consumes the least possible power. Convergence
to this pattern was done in approximately 2 minutes. Con-
vergence time did not differ significantly in another large-
scale setting involving 26 lights and 22 illuminance sensors.
However, because the Intelligent Lighting System learns the
spatial relationships while computing correlation coefficients,
it takes approximately the same amount of time (2 minutes)
when an illuminance sensor is moved from a bright spot to
a dim spot, in which case the new spot must be lit up[4]. In
office environments, this would not pose a practical problem
if the new spot is originally 300[1x] or brighter (a JIS defined
illuminance standard), but otherwise this slow convergence
may disrupt work.
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To resolve this issue, we shall obtain the spatial relation-
ships of lights and sensors more directly, thus lighting up the
required lights more quickly.

Common methods of localization include GPS, wireless
LAN, ultrasonic waves, infrared rays, and more recently,
visible light communication (VLC) using LEDs[5],[6]. GPS
and wireless LAN technologies are unsuitable for our case
becuase the premises are indoors and we need an accuracy
of approximately 10[cm], which these technologies are unable
to provide. Ultrasonic waves, infrared rays and VLC are all
viable options because they yield sufficient accuracy in indoor
settings. VLC, in particular, could prove to be especially low-
cost, since LEDs are gaining popularity as the new mainstream
lighting devices, and those LEDs can act simultaneously as
transmitters for VLC.

Therefore we have formulated a method in which the lights
convey their own IDs to illuminance sensors via VLC. The
sensors can recognize the IDs when they are within 1[m] of the
point below a given light. Our new Intelligent Lighting System
incorporates this data in its algorithm, making convergence
faster.

II. INTELLIGENT LIGHTING SYSTEM
A. Overview

The Intelligent Lighting System satisfies users’ required
illuminance by collaboration of its lighting devices. Such
system typically consists of multiple lighting devices, mobile
illuminance sensors, and electric power meters.

Lighting apparatus are equipped with control devices capa-
ble of machine learning, and each light behaves independently
and autonomously. Lighting patterns for conventional lighting
systems were limited to their installed wire patterns, whereas
the Intelligent Lighting System can provide any given pattern
regardless of how the lights are wired.

B. Lighting Control Algorithm

The algorithm we use is called ANA/CC (Adaptive Neigh-
borhood Algorithm using Correlation Coefficient)[3]. This al-
gorithm computes the correlation coefficients of the luminance
of a light against multiple illuminance sensors by performing
correlation analyses of change rates in luminance and illumi-
nance.

In a light controlling algorithm, it is helpful to have
determined how the lights are positioned against the illumi-
nance sensors. Correlation analysis is an effective way of
autonomously learning these spatial relationships.

C. Methods of Localization

In the Intelligent Lighting System, localization does not
need to be done in wide range, but must be able to be
performed indoors and provide sufficiently accurate estimates
of spatial relationships among lights and illuminance sensors.

Currently, common methods for localization include GPS,
wireless LAN, ultrasonic waves, infrared rays and VLC. Of
these, GPS is unsuitable for indoor settings. Wireless LAN is
accurate to merely 1 or 2[m] whereas our system would require

accuracy to approximately 10[cm]. Ultrasonic waves, infrared
rays and VLC are all viable options for determining the posi-
tions of illuminance sensors. In particular, VLC is promising
since it can be easily embedded in LEDs. LEDs are gaining
popularity as replacements for fluorescent and other ceiling
lights, which means that the ceiling lights themselves may
double as transmitters of VLC, being highly cost-effective.

Assuming the lights themselves are used as VLC devices,
illuminance sensors would be able to receive the lights’ IDs
when placed within 1[m] of the spot directly under the lights.
In other words, a sensor is close to a light if it can receive its
ID.

Therefore, in this study we discuss localization using VLC
to improve the lighting control algorithm in the Intelligent
Lighting System.

III. INTRODUCING VLC TO THE INTELLIGENT LIGHTING
SYSTEM

A. Overview

With the development of LED technologies, VLC is gaining
popularity. VLC uses ordinary lights, blinking them at speeds
unrecognizable to the human eye, to communicate data. We in-
corporated this technique into the Intelligent Lighting System:
lights transmit their own ID numbers, enabling illuminance
sensors to directly recognize nearby lights.

The conventional Intelligent Lighting System estimates
the spatial relationships of lights and sensors by randomly
changing the luminances and analyzing the correlation between
changes in luminance and changes in illuminance sensor
values. With VLC, these complex computations are no longer
necessary. Fig.1 shows the system overview. Compare the
conventional Intelligent Lighting System and VLC for some
items.

o Cost

VLC needs to set an ID number as each light. There-
fore,initial cost for VLC is higher than the conventional
Intelligent Ligting System.

« System Robustness

When a light doesn’t transmit its ID over VLC,the Intel-
ligent Lighting System uses ANA/CC.

o Energy Consumption

When a light lit,it transmits its ID over VLC.Therefore,the
amount of energy consumption used VLC is the same as
that used the conventional Intelligent Lighting System.

Each light is given an ID number. When a light is lit, it
transmits its ID over VLC periodically. Illuminance sensors,
equipped with VLC receiver functionalities, keep receiving the
lights’ IDs. This allows the lights and the sensors to commu-
nicate directly with each other. In the conventional Intelligent
Lighting System, the data that the sensors transmitted over
the network consisted of their sensor IDs, target illuminances,
and the current illuminance. In the new system, the light IDs
received are added to this set of data.

Any light whose ID was received by a sensor must be close
to the sensor. We shall call these IDs the neighboring light IDs.
Data received by the lights are as shown in Table I. Each light
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Fig. 1. Setup of the intelligent lighting system using VLC.

TABLE I
DATA OF THE ILLUMINANCE SENSORS.

Sensor | Target illuminance | Current illuminance | Neighboring
1D [1x] [1x] light ID
1 800 450 1 4
2 600 400
N 450 500 | 10 | 13

then matches the neighboring light IDs with its own ID. If
there is a match, the light and the sensor are close to each
other.

This information, in conjunction with the correlation coef-
ficients, are then used to optimize the lighting pattern.

B. Rapid brightening

The new control algorithm for the Intelligent Lighting
System uses ANA/CC described in Section II-B together with
VLC. It uses data sent from illuminance sensors as shown
in Table I. Fig.2 shows the flow of the algorithm, which we
explain in detail below.

The gray boxed section in 2 shows what is added to the
conventional algorithm. The steps are: the matching of light
IDs, updating the correlation coefficients, rapid brightening
decision, and rapid brightening. We shall describe each step
below.

« Matching light IDs
After a light receives data from illuminance sensors via
the network, it checks whether there are any sensors with
neighboring light IDs that match the ID of the light itself.
Because the lights transmit their IDs periodically, the
sensors, while being moved around, sometimes receive
inappropriate light IDs: ones that are not in the vicinity
of the destination and should not be used for control
purposes. In order to determine whether a received light
ID is temporary or final, the neighboring light IDs are
checked again after a few seconds. If the neighboring light
IDs are still the same after re-checking, they are accepted
as the final IDs. The length of the wait is determined by
how long a user would take at maximum to move across
an effective VLC range. This policy allows us to disregard
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Fig. 2. Control algorithm.

temporary light IDs that were only received while moving
from one point to another.

When none of the neighboring light IDs match the light’s
own ID, there are no illuminance sensors around the light
that would be affected much by it, so the light is to behave
in the conventional way.

o Updating correlation coefficients

If a light has sensors that have its own ID as a neigh-
boring light ID (we shall call these sensors neighboring
illuminance sensors), that sensor is in close proximity to
the light, and the effect of the light on the sensor is strong.
In that case, we set a fixed value 0.9 as the correlation
coefficient for the light and the sensor and commence the
conventional operation.

Correlation coefficients takes values between 0.5 and 1.0
when a light has large effects on a sensor. The larger this
value, the faster the convergence of luminance, so this
value must be determined experimentally. Here, sensors
must be within 1[m] of the spot directly under the lights
to receive their IDs, which is practically right under the
lights.

« Rapid brightening decision

Of the neighboring illuminance sensors, the light chooses
the one with the lowest target illuminance, and checks
if the current illuminance is more than a certain amount
lower than the target illuminance. Here we used 50[Ix] as
the threshold. If this is true, then that spot is considerably
underlit. Hence, this condition decides whether or not to
perform rapid brightening. If this is false, the light is to
behave in the conventional way.

For example, suppose that the lights received a certain
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set of data from the sensors, of which the data containing

light ID 1 were as shown in Table II.
TABLE II
DATA FROM THE ILLUMINANCE SENSORS.

Sensor | Target illuminance | Current illuminance | Neighboring
1D [1x] [1x] light IDs
1 800 450 | 1 | 4
2 600 400 | 1

In this case, sensors 1 and 2 are the neighboring sensors
for light 1. Of these, sensor 2 has the lowest target
illuminance (600[1x]). The current illuminance for sensor
2 is 400[Ix], which is 200[Ix] lower than the target.
Therefore rapid brightening should be performed.

« Rapid brightening
If an illuminance value is considerably lower than the
target illuminance, as determined in the previous step,
neighboring lights are brightened rapidly. This process is
performed in the following two steps.
Step 1.Measuring the effect of the light on the sensor
In order to quickly determine how much brightening
needs to be done, we measure how much the light affects
the sensor (how much the illuminance changes as a result
of changing the luminance). This is done by adding a
certain percentage (say, 20%) of the full luminance to
the light’s current luminance and measuring the influence.
The influence rate is computed with Expr.1.

AL
A I:Change in illuminance, A I:Change in luminance
Note that step 2 is never performed if the target illumi-
nance is reached as a result of step 1.

Step 2.Rapid brightening

Using the influence rate obtained in step 1, the light
brightens itself so that the lowest target illuminance out of
the neighboring sensors is reached. The required amount
of brightening is computed with Expr.(2).

It —1Ic
2
7 @)

Lt:Luminance required to reach target illuminance, Lc:Current
luminance
It:Target illuminance, Ic:Current illuminance, R:Influence rate

Lt=Lec+

IV. EXPERIMENTS
A. VLC Prototype

When LEDs are used as lights in the Intelligent Lighting
System, they can be used as VLC devices. However, as we
were unable to obtain LEDs that could be used as full-fledged
ceiling lights, we used fluorescent lamps instead. Because
fluorescent lamps are less suitable for VLC, we created a
dedicated LED VLC transmitter prototype and placed them
alongside the fluorescent lamps to achieve the desired effect.
Also, we created prototypes of VLC receivers and placed them
alongside the sensors, although in practice the illuminance
sensors themselves shall double as VLC receivers.

VLC transmitters were built with PIC microcontrollers
and LEDs. The PIC microcontrollers control the LEDs to
blink every I[ms]. Data is encoded by four-value inverted
pulse position modulation (I-4PPM). Blinking at a 1[ms] rate
is unrecognizable to the human eye. Table III shows the
specifications of the transmitter.

TABLE III
SPECIFICATIONS OF THE TRANSMITTER PROTOTYPE.
[ Ttem [ Value |
Central luminance [cd] 600
Light distribution angle [°] 15
Power [V] 5
ID data to be sent [bit] 14
Transmission rate [bps] 500

For the receivers, we used Panasonic’s NaPiCa illuminance
sensors (photo diodes) and Turtle Industry’s TUSB-K02AD
A/D converters. The NaPiCa illuminance sensors yield varied
electrical currents depending on the illuminance. These receive
the on and off values that represent the light IDs from the
LED:s.

Fig.3(a) and Fig.3(b) show the transmitter and receiver
prototypes.

(a) Light and transmitter (b) Sensor and receiver

Fig. 3.

As Fig.3(a) shows, the transmitters are placed alongside
the fluorescent lamps, and are given ID numbers. As Fig.3(b)
shows, receivers are placed alongside the illuminance sensors.
These emulate a setup where the lights and sensors themselves
act as VLC devices.

We built an experimental system with these prototypes and
evaluated the effectiveness of our proposed system.

VLC device prototype.

B. Evaluation of Validity

1) VLC Range: Fig.4 shows the distribution of illuminance
when a fluorescent lamp is lit at maximum and minimum
luminance.

As the figure shows, the distribution varies greatly de-
pending on the luminance. This means that as the Intelligent
Lighting System attempts to satisfy required illuminances by
changing the lights’ luminances, effective VLC ranges of the
lights change as well. However, in this experiment we do not
use the dimmable lights themselves as VLC transmitters, and
so cannot simulate the alteration of effective range. Hence
the transmitter LEDs must be placed at appropriate positions.
Because the main purpose of this experiment is to verify the
validity of the proposed system when an illuminance sensor
is moved from a well-lit location to another underlit position,
we placed multiple LEDs with the same ID where desktop
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Fig. 4. Illuminance distribution.
illuminance is 50[lx] or more when the lights are on at

minimum luminance (Fig.4).

2) Experiment overview: To verify the validity of VLC,
we compared conventional ANA/CC and our proposed method
under the following conditions. The environment is a room
6.0[m] wide by 7.2[m] long by 2.7[m] tall, as shown in Fig.5
(an overhead floor plan). Illuminance sensors were placed on
desks 0.7[m] tall.
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Fig. 5. Experimental environment.

Conditton 1
Fixed illuminance sensors Luminance is to converge
with illuminance sensors placed at fixed positions
shown in Fig.5. Target illuminance values for each
sensor is 550[1x] for sensor A, 750[1x] for sensor B,
650[1x] for sensor C.

Condition 2
Illuminance sensor moved After illuminance at sen-
sor B has converged, luminance is to re-converge with
sensor B being moved to position B*. Sensor B’s
original position and target illuminance are identical
to those in condition 1. The moving of sensor B
starts well after illuminance converges at the original
position, and takes 2 seconds to reach the destination.

Table IV shows parameters used for the experiment.
TABLE IV
PARAMETERS OF THE EXPERIMENT.

Type of light source Fluorescent lamps
Number of fluorescent lamps 15
Number of illuminance sensors 3
Maximum lit luminance[cd] 1320
Minimum lit luminance[cd] 396
Initial lit luminance[cd] 1320
Illuminance retrieval interval[s] 1

3) Results: Figs.6 and 7 show the history of illuminance
values It has been reported that the human eye cannot recog-
nize illuminance changes that are within ratios 0.92 and 1.06 of
the original, so we shall consider illuminance to be converged
when values are within this range[7].

Under condition I(between O[s] to 200[s]), the conven-
tional method, which computes correlation coefficients by
repeatedly making unrecognizable changes in luminance, takes
approximately 110[s] to converge. On the other hand, with
the proposed method, which communicates the correlation
coefficients directly for sensors within VLC range, illuminance
converged in approximately 70[s].

We started moving the sensor 200[s](when illuminance had
converged sufficiently) afterwards.

1000
900 |—
800 [Ewmeity
g 700 Ty S—
©
=
E 400 _J —SensorA
= 300
200 —SensorB
100 SensorC
0 . . . . )
0 100 200 300 400 500
Times[s]
Fig. 6. TIlluminance history of the conventional method.

Under condition 2(between 200[s] to 500[s]), the illumi-
nance dropped sharply when the sensor was removed from
the original position. The conventional method needed to
recalculate the correlation coefficients. This resulted in a slow
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Fig. 7. Illuminance history of the proposed method.

climb of illuminance, then a quick convergence once the
coefficients are found.

The proposed method used VLC to estimate the spatial
relationships, and executed rapid brightening accordingly. The
illuminance climbed to meet the target approximately 10[s]
after the sharp drop.

The above results show us that the proposed system can
adapt quickly to movements of illuminance sensors.

V. CONCLUSIONS

The conventional control algorithm for the Intelligent Light-
ing System, ANA/CC (Adaptive Neighborhood Algorithm
using Correlation Coefficient) is able to satisfy users’ required
illuminance by computing correlation coefficients based on
the lights’ luminance changes and the sensors’ illuminance
changes. The time this algorithm takes to converge to the target
illuminance is approximately 2 minutes, of which the time to
compute the correlation coefficients is a large factor.

In this study, we proposed a system that uses VLC (visible
light communication) to estimate the lights’ and sensors’
spatial relationships. We proposed a new lighting control
algorithm that uses this VLC method and verified its validity
using an experimental setup.

In the experiment, we made illuminance converge for a
sensor, set its target illuminance to a high value, and moved the
sensor to an underlit spot. Our new Intelligent Lighting System
was able to light up the destination in approximately 10[s]
after the sensor was moved. Power consumption converged to
roughly the same value as the conventional method. Our new
method has improved significantly on the conventional Intel-
ligent Lighting System in terms of the speed of convergence.
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