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Abstract: An improved mathematical model and an improved particle swarm optimization (IPSO)
are proposed for the complex design parameters and conflicting design goals of the indoor luminaire
layout (ILL) problem. The ILL problem is formulated as a nonlinear constrained mixed-variable
optimization problem that has four decision variables. For a general lighting scheme (GLS), the
number and location of luminaires can be uniquely determined by optimizing four decision variables,
which avoid using program loops to determine the number of luminaires. We improve the particle
swarm optimization (PSO) in three aspects: (1) up-down probabilistic rounding (UDPR) method
proposed to solve mixed integer, (2) improving the velocity of the best global particle, and (3) using
nonlinear inertia weights with random items. The IPSO has better optimization results in an office
study compared with the PSO and genetic algorithm (GA). The results are validated by DIALux
simulation software, and a maximum deviation of 2.2% is found. The validated results show that the
method using four decision variables increased the speed by 10.6% and the success rate by 23.33%.
Furthermore, Indoor Luminaire Layout System APP is designed to provide guidelines visually for
lighting designers and related researchers.

Keywords: luminaire layout; improved particle swarm algorithm; particle swarm optimization;
genetic algorithm; optimization; general lighting scheme; APP

1. Introduction

In the trend of semiconductor illumination technology development and application,
lighting plays a unique role in many aspects of sustainable development [1]. For indoor
lighting design (ILD), the first thing to consider is the amount of luminaire. The main
requirement for the amount of luminaire is the “right illuminance” (illuminance is an
indirect indicator of the brightness of an object). An excessive number of luminaires will
lead to energy waste and increase lighting power density (LPD) and luminaires’ costs. LPD
is an indicator to measure the energy efficiency of a lighting system [2]. Second, ILD could
improve lighting quality, and that directly affects the efficiency of work, physical health, and
psychological conditions and even affects the atmosphere and various effects in an indoor
room [3-5]. However, the diversity of indoor environments and the mutual exclusion of
lighting design parameters, including LDP, average illuminance (E;eq,), overall uniformity
(Uy), and maximum unified glare rating (UGR), pose difficulties for indoor luminaire layout
(ILL). Carli et al. [6] and Beccali et al. [7] proposed a decision support system considering
the quality of light, energy efficiency, and occupant comfort. The authors studied a street
lighting system, integrating ergonomic and economic aspects, which is important and
meaningful for large outdoor public lighting. The main emphasis of this paper is to design
an energy-efficient luminaire layout method for a general lighting scheme (GLS), which
maximizes or minimizes these design parameters within recommended limits.
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To solve the ILL problem, current research works are divided into two categories:
single-objective optimization and multiobjective optimization.

In 2013, Wang et al. [8] proposed an overall illumination control of a LED system based
on a holistic and scalable neural network model to meet the table illumination preference
of each office user and save energy consumption. However, when an ILL is changed, the
network model trained can no longer be used. In 2017, Mendes et al. [9] developed a new
bio-inspired optimization algorithm based on the competition over resources algorithm
(COR) in order to reduce both the energy consumption of indoor illumination and the
computational cost for the optimal lighting of a real-time system. Eventually, the feasibility
of the algorithm was verified by theoretical proofs of classical benchmark functions and
practical data in real-life optimal lighting. In 2017, Mattoni et al. [10] used a genetic
algorithm (GA) to optimize indoor luminous systems by considering energy efficiency,
U,, and UGR. The number of luminaires is decided by the illuminance level in a satisfied
range. Moreover, UGR and the distance of luminaires are controlled by two penalties. This
method was limited to consider the same optimized mounting height for all the luminaires.
In 2019, Mandal et al. [11] applied the particle swarm optimization (PSO) algorithm to ILD.
They organized some conflicting objective parameters, such as average illuminance, overall
uniformity, UGR, cost, and LPD, weighting them into a single-objective optimization model.
This model consists of three decision variables (regular luminaire spacing along the length
and width and luminaire mounting height). Thus, the number of luminaires is determined
by a loop in the program, making the algorithm inefficient.

In 2016, Madias et al. [12] proposed an evolutionary multiobjective genetic algorithm
(nondominated sorting genetic algorithm II, NSGA-II) to optimize the two objectives of
reducing the energy consumption of buildings and improving the lighting uniformity of
LEDs in buildings. The case shows that the optimization model has significant advantages,
and significant energy savings in the range of 18% to 22% were reported. In 2017, Plebe
et al. [13] provided a more flexible approach to the interior lighting design by considering
Eiean, Uy, and energy consumption. The solution integrates the 3D graphics software
Blender to reproduce architectural spaces and simulate lighting effects by using NSGA-IL

The ILL problem using single-objective optimization suffers from the difficulty of
parameter weights in the process of designing. Although this problem can be solved
by multiobjective optimization, it suffers from finding the Pareto optimal. In addition,
determining the location of the luminaires efficiently while determining the number of
luminaires is also a problem to be solved.

The PSO [14] is a kind of evolutionary algorithms that do not rely on the mathematical
characteristic of the problems. It has been ubiquitous in daily life and industrial engineering,
such as electricity [15], machine learning [16], and path planning [17]. To improve the PSO,
research studies have been conducted on the improvement of inertia weights, which are
mainly classified into linear adjusted inertia weight [18], fuzzy adjusted inertia weight [19],
nonlinear adjusted inertia weight [20-22], and random adjusted inertia weight [23].

In this paper, we improve the mathematical model of the ILL problem, designing
the weights among the parameters reasonably and formulating a mixed-integer single-
objective optimization problem. The objective function has a penalty parameter to check
compliance with minimum or maximum limits of design parameters and four decision
variables (regular luminaire spacing along length L; and width L;, number of luminaires
in a row N,; and column Nj). To solve the model efficiently, this paper presents the IPSO,
using the up—down probabilistic rounding (UDPR) method to solve the mixed-integer
optimization problem. Moreover, we improve the velocity of the best global particle, which
is done by selecting two positions for updating randomly, increasing the probability of
jumping out of the local optimum, and using nonlinear inertia weights with random items.

As a whole, the main contributions of this study are summarized as follows:

(1) AnIPSO was proposed to solve the ILL problem. It was improved in three aspects:
(1) Up—down probabilistic rounding (UDPR) method proposed to solve mixed integer,
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(2) improving the velocity of the best global particle, and (3) using nonlinear inertia
weights with random items.

(2) The ILL problem can use four mixed-variable decision variables to determine the
number and address of the luminaires.

(38) The performance of the proposed method, including the algorithm and mathematical
model, was improved in speed and success rate.

(4) The proposed method is expected to provide guidelines for lighting designers and
related researchers.

Our method is validated with an office study in two aspects. In the first aspect, three
algorithms are used in this study to investigate the effectiveness of the proposed algorithm,
including proposed improved particle swarm optimization (IPSO), PSO, and GA [24]. In the
second aspect, the optimal results obtained by the developed program are compared with
the professional lighting simulation software DIALux V5.9 [25]. We further demonstrated
that design parameters of the optimal luminaire layout are all improved when compared
with lighting standards. Finally, Indoor Luminaire Layout System APP V1.0 [26] was de-
signed by MATLAB App Designer V2019a [27] to provide guidelines visually for lighting
designers and related researchers. The rest of the paper is organized as follows: Sec-
tion 2 describes the scheme of the method and formulates the ILL problem. The proposed
mathematical model of ILL is considered in Section 3. Section 4 presents our proposed
IPSO. Section 5 shows case studies and their simulation results. Section 6 introduces our
developed APP. Finally, conclusion is drawn in Section 7.

2. Problem Statement

This section is focused on the statement of the optimization problem in order to
determine the ILL of an indoor lighting system for a general lighting scheme. The proposed
method works on the design of large lighting locations for GLS whose N, and N, are
greater than 2 (e.g., office, meeting room, sports hall). In the test study, we used an office
using standard of GB 50034-2013 in China. However, for other international standards, we
need to change the constraints of the ILL problem. The scheme of the method is presented
in Figure 1. It can clearly be divided into three parts.

Indoor Luminaire Layout
(ILL)

Mathematical . . . T
Al thm de: |:: > | Visualization interface
model of ILL ::> gorthm design

N )
To improve efficiency To i:n\prm-'e speed and To prOVldE
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Figure 1. Structure graph of the method.

The first part (mathematical model of the ILL) aims to improve the efficiency through
an improved mathematical model. At first, we select several design parameters from the
collection of data. Those design parameters determine the constraints of ILL the prob-
lem. Then, the ILL problem is formulated as a nonlinear constrained mixed-variable
optimization problem according to those design parameters. This model has two continu-
ous (L; and L;) and two discrete (N, and Nj) decision variables simultaneously with five
inequality constraints.
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The second part (algorithm design) aims to improve the speed and success rate in
three aspects, as shown in the IPSO part of Figure 1. The third part (visualization interface)
aims to provide guidelines for lighting designers and related researchers by designing
Indoor Luminaire Layout System APP. It can be a decision-making support APP integrating
professional lighting software (e.g., DIALux).

3. Mathematical Model of ILL
3.1. Selection of Design Parameters

To solve the ILL problem more reasonably and objectively, this paper uses NLPIR,
a big data semantic intelligent analysis system, to process the data of indoor lighting
design on web pages. NLPIR ICTCLAS (Institute of Computing Technology, Chinese
Lexical Analysis System) is a Chinese lexical analysis system developed by the Institute of
Computing Technology of the Chinese Academy of Sciences. The main functions of the
software include “Label”, “Word separation”, “Classification”, “Extracting high-frequency
keyword”, “Language statistics”, and other functions. The main process is as follows: first,
we crawled the web pages about “interior lighting design” and “interior lighting design
requirements” using the precise collection to obtain data and then used the word separation
function to separate the crawled data into words; finally, we used the wordclouds [28]
to analyze the word frequency. After separating these words, the meaningless word was
deleted and screened. The word frequency analysis results of the complete corpus are
arranged in descending order of weight, as shown in Table 1. Therefore, it can be seen that
designers and users are more concerned about average illuminance, overall uniformity,
PLD, color temperature [29], UGR, and cost. The next part of this paper will also focus on
these requirements for design.

Table 1. Word frequency.

Word Frequency (%) Rank
Lighting 7.65% 1
Average illuminance 4.97% 2
Environment 4.58% 3
Indoor 4.28% 4
Luminance 4.19% 5
Space 3.70% 6
Cost 3.51% 7
Uniformity 2.73% 8
Glare 2.63% 9
LPD 2.53% 10
Efficiency 2.14% 11
Color temperature 2.04% 12

3.2. The Quality of Lighting
Qiighting includes average illuminance, overall uniformity, and UGR.
(5) Average illuminance
The average illuminance can be calculated from the average of the grid points divided

on the working plane, as shown in Equation (1):

1
G
1

™o

E, (1)

Emean =

Il
—_

where G is the total number of grid points, and E; is the total illuminance in the ith
grid point, generated by all luminaires and lighting reflection, which is calculated by
reference [30].

(6) Overall uniformity
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Illuminance uniformity measures the distribution of illuminance in the horizontal
plane of the room. If the brightness changes too much in the indoor environment, the eyes
are forced to go through an adaptation process when human vision turns from one place
to another. If this adaptation process repeats too many times, it will cause visual fatigue.
The expression of uniformity is shown in Equation (2), which is the ratio of the minimum
illuminance to the average illuminance on the working plane:

Emin
U, = 2
’ Emezm ( )
where E iy is the minimum illuminance value on the working plane (it is obtained by
dividing the working plane into a grid and then comparing the illuminance values with
that of each grid point).

(7) UGR

Glare is the high brightness formed in the field of view that interferes with vision
or causes visual fatigue and discomfort. According to the CIE 117 (1955) publication
“Discomfort Glare in Interior Lighting”, we have Equation (3):

0.25

L2, w

where Ly, is the background luminance, L; is the luminance of the luminous part of each
luminaire in the direction of the observer, and w is the solid angle formed by the luminous
part of each luminaire at the eyes of the observer. P is the position index of each individual
luminaire, which is determined by Guth’s position index provided by CIE 117:1995.

3.3. Lighting Cost and Efficiency
(1) Lighting power density

Lighting power density is an indicator that must be considered in the lighting design.
LPD is the power of the luminaire required per square meter, as shown in Equation (4), to
promote the application of efficient luminaire. When achieving the same lighting effects,
the number of luminaires is minimized, or the power is lower to achieve the aim of
energy saving:

M=z

P;
LPD = =L 4
. @

where P, is the power of each luminaire, and S is the surface area of the room.
(2) Cost

When more than two kinds of lighting designs achieve the same lighting effect, just
the comparison of LPD to determine which one is better is far from enough. We also need
economic comparison of each lighting design. The lighting costs per unit of illumination
(cost) are used for lighting economic comparison because the illumination value of different
lighting designs is various, as expressed by Equation (5):

Emean

C

©)

where C is the lighting cost per unit of illumination, and C; is the cost of an individual
luminaire. The lighting fee omits materials and labor costs, such as the cleaning agents
used to clean the luminaires.

3.4. Single-Objective Optimization Model for Luminaire Layout

The evaluation of the indoor lighting environment depends on more than one as-
pect. Comfortable lighting must meet the requirements of Eyean (Emean > Epean_limit)
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Max F(X) — (10 _ 0() (LPLlI)jliDmit + Clicmit> + a(E Enean + U,

Uy (Up = Ug imit), UGR (UGR < UGRiimit), LPD (LPD < LPDjimit), and cost (C < Ciimit)-
Under the premise of meeting these requirements, increasing or decreasing these design
parameters as much as possible can result in more comfortable lighting. Therefore, the
objective function F(X) designed by this paper is shown in Equation (6). Users can set the
value of a(0 < a < 10) (« represents the importance of Qjigpting)- The larger the value of a,
the higher Qjjqpsing requires, and the power consumption and cost can be considered less.
The setting of « could meet the requirements of ILD with different levels. In addition, the
penalty function [31,32] is designed to penalize the solutions that do not meet the lighting
design requirements:

5
UGRlimit) _ )
mean_limit  Uo_limit T ~UGR A igl Penalty;

s.t. X = (Na/ Ny, Lt, Ll)

. LlLPDl' -tS aCl- it
2 < Ny < min(“20m, o)

. BLPDymitS  bClimit
2< Ny < mln( (a-i—blsnll’ ’ (a-&-lbrsucl)
ap < Ly < ﬁ

b
blng<m

(6)

where A is the penalty factor; a, b, and h are the length, width, and height of the room; and
Penalty; is the penalty function. When the ith design parameter is satisfied, Penalty; equals
0. Otherwise, Penalty; is the distance between the design parameters and its corresponding
limit value; X = (Ng, Ny, Lt, L;) is the independent variable, as shown in Figure 2. hy,,
hy, and h. are the height of the working plane, the luminaire mounting height above the
working plane, and the height of the luminaire below the ceiling, regular luminaire spacing
along length L; and width L;.

Figure 2. Room diagram. g, b and h are the length, width and height of the room; hy,, h;, and h. are
the height of the working plane, the luminaire mounting height above the working plane, and the
height of the luminaire below the ceiling, regular luminaire spacing along length L; and width L;.

Other limitations of design parameters can be determined in Table 1. However, the
limitation of cost is described in Equation (7):

N, max Cl

Climit = 3 )

mean_limit

where Npax is the maximum number of luminaires, described by the utilization factor
method [33], as shown in Equation (8):

= ®)
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where @ is the luminous flux of each luminaire, u is the utilization factor, and K is the
maintenance factor or light loss factor.

The position of luminaires can be uniquely determined by these four decision variables
(Equation (9)), and the coordinates of a luminaire refer to the coordinates of the center
of the luminaire. Because we work on the design of large lighting locations for a general
lighting scheme, N,; and Nj, are set as greater than 2.

b—(N,—1)L , —(Na—1)L .
(xiyj) = (OB 4 (- 1)y, SN 4 (- 1)L), ©)
i=12,-Nyj=12,-N,
4. Algorithm Design
4.1. Basic Particle Swarm Algorithm

The PSO [14], also known as particle swarm algorithm, developed by Kennedy and
Eberhart, is an optimization algorithm based on population intelligence theory. The velocity
and position of the ith particle is manipulated according to Equations (10) and (11). Each
particle is influenced by its previous velocity and the distances of its current position
from its own best position and the group’s best position, constantly converging to the
optimal position:

vi(t+1) = v;(t) + crandy (Pbest;(t) — x;(t)) + corandy (Gbest (t) — x;(t)) (10)

xi(t4+1) = x;(t) + v;(t) (11)

wherei =1,2,3--- N and N is the total number of particles of the population; v;(f) and
x;(t) are the velocity and position of the ith particle at tth generation, Pbest; is the historical
best position of the ith particle, Gbest is the position of the best global particle, c; is the
cognitive learning factor and c; is the social learning factor, and rand; and rand; are random
numbers uniformly distributed within the range of [0, 1].

Particles” movement depends mainly on the velocity at different moments (Equation (10)).
However, when the velocity is too large, the capability of global search is stronger, and the
local search is weaker, so the optimal solution is easily skipped; when the velocity is too
small, it is easy to fall into the local optimum. In order to balance global search and local
search, Shi and Eberhart [19] first proposed a particle swarm optimization algorithm with
inertia weight, whose velocity update formula is shown in Equation (12):

v;(t+1) = wo;(t) + cyrandy (Pbest;(t) — x;(t)) + corandy(Gbest(t) — x;(t))  (12)

T(wmax - wmin)

W = Wmax —
Tinax

(13)
where Wmax and Wi, are the maximum and minimum of inertia weight, T is the current
number of iterations, and Tpay is the number of iterations.

4.2. Improved Particle Swarm Algorithm

Although the PSO has the advantages of rapid convergence speed, clear meaning,
and simple operation, some shortcomings still exist, such as lacking dynamic regulation
of speed, easy falling into local optima, and low convergence accuracy. To make the PSO
suitable for solving the ILL problem, we improved the PSO from in aspects.

(1) Up-Down Probabilistic Rounding (UDPR)

After updating the position of the particle according to Equation (11), design variable
x* is obtained. To ensure that x* is still an integer value, we need to perform an integer
operation. First, the downward and upward rounding operations are performed on x*
to obtain x* 4,,,, and x*;,. Then the probability of taking x* j,,,, and x*;, depends on the
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distance from x* to them, as shown in Equations (14) and (15). It maintains the diversity of
populations better and enhances the global search capability.

1/(X* - X*duwn)

P(x* goun) =
(x down) 1/()(* _ x*dawn) + 1/(x*up — x*>

(14)

. B 1/(2(**7(*11;7)
P(x up) = 1/(x — down) 1/(X*up —x*) (15)

(2) Random velocity update for best global particle

When a particle becomes the best global particle, its velocity update formula becomes
Equation (16). The best global particle will keep moving at the velocity of the previous
generation until it hits the boundary, limiting the “talent” of the best global particle.
Inspired by Cai X et al. [34], we can use a random velocity update formula, as shown in
Equation (17). From Figure 3, we know that this method can increase the probability of
jumping out of the local optimum, thus increasing the capability of seeking global optimum:

vi(t+1) = vi(t) (16)

vi(t+1) = v;(t) + corandy (xm (t) — x4 (1)) (17)

where x,,(t) and x,(t) are the random positions of two particles in the range of deci-
sion variables.

o

4Gbest

Figure 3. Diagram of the velocity of the best global particle.

(3) Improved inertia weights

Considerable searches have been performed on the improvement of inertia weights,
which are mainly classified into linear adjusted inertia weight [18], fuzzy adjusted iner-
tia weight [19], nonlinear adjusted inertia weight [20-22], and random adjusted inertia
weight [23]. The purpose of adjusting inertia weight is to change the local and global
search capability of the algorithm [15]. A smaller inertia weight improves the local search
capability, and a larger inertia weight improves the global search capability. However,
just decreasing or randomly selecting the inertia weight increases the possibility of falling
into local optimum, and using a fuzzy adjusted inertia weight requires more parameters
to be designed. This paper proposes a nonlinear random inertia weight based on non-
linear decreasing and adding of random numbers to make different inertia weights for
different particles in the same generation, thus increasing particle diversity, as shown in
Equation (18):

T
W = Wmax — (wmax - wmin) Ti
max

v
> — A xrand, (18)

where 7 is a constant, 1 < v < N, and N is the number of populations. y can control the
ratio of global search and local search, and if -y is larger, the inertia weight decreases more
slowly; otherwise, the inertia weights decrease more quickly. A is the inertia deviation
factor, 0 < A < Wpin, and rand, is a random number uniformly distributed within the
range of [0, 1].

The specific steps of the IPSO are as follows.

Step 1: Initialize the particle positions and velocities of the particle population ran-
domly and uniformly in the search range; set Pbest and Gbest as zero matrices when
T=0.

Step 2: Calculate the fitness of each particle to get Pbest and Gbest.
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Step 3: Update velocity: the velocity is updated by Equation (17) for the best global
particle and Equation (12) for the other particles. If the velocity is out of bounds, the velocity
equals the boundary.

Step 4: Update position: for integer variables, the UDPR operation is performed on,
and if the position is out of bounds, the position equals the boundary.

Step 5: Update Pbest and Gbest.

Step 6: Stop criterion: the maximum number of generations.

If not exceeded, set T = T 4 1 and jump back to Step 3.

5. Experiments and Tests
5.1. Experiments
5.1.1. Lighting Standards

There are many ways of lighting, including general lighting, local lighting, mixed
lighting, emergency lighting, and so on [35]. The method proposed in this paper is to
design for general lighting places, such as conference rooms and offices, which bases on
the lighting standard of GB 50034-2013 in China. Of course, other international standards
just modify lighting design parameters, and our method still works. Table 2 shows the
standard requirements for senior and general office lighting. Our design is based on the
whole room, not the working area, which gives convenience when a desk is moved.

Table 2. Office lighting standards 1

Codes Epoan (%) u, UGR LPD General Color Rendering Index

(W/m?) (CRD
Senior office >500 >0.7 <19 <15 >80
General office >300 >0.7 <19 <9 >80

1 Based on GB 50034-2013 in China.

The Ejean and LPD requirements of senior and general offices are different, and the
former is higher than the latter. Since senior offices need higher-quality lighting, LPD
should be higher. According to different places, the requirements of UGR are also different;
for example, offices and conference rooms have high requirements. The value of U, is
mainly determined by the location of the luminaire. If the uniformity is not high enough,
it may cause visual fatigue and affect work efficiency. With the improvement of people’s
living standards, the CRI is no less than 80. What is more, in the indoor office, the luminaires
need to be wiped at least two times a year, and K takes 0.80 according to GB 50034-2013.
Finally, Cjjp;; takes 3.26. Because the CRI is mainly determined by the type of luminaire
selected, the color of indoor walls and homes, and so forth, it is not considered in the ILL.

5.1.2. Room Type

In order to test the mathematical model (Equation (6)) and algorithm proposed in this
paper, we will design a luminaire layout for a hypothetical senior office. Assuming that
the indoor surfaces are all diffuse surface, the average reflectance of each wall, floor, and
ceiling is considered. The height of the working plane is 0.75 m above the floor (/,), and
the installation of luminaires occupies a height of 0.1 m (%), which means that the height
of the luminaire above the working plane is 2.15 m (h;) (Figure 2). The specific details of
the room are shown in Table 3.

Table 3. Details of senior office room.

Item Values
Dimension 6x8xX3m
Average reflectance Ceiling: 0.8; wall: 0.8; floor: 0.2
Working plane height 0.75m

Installation occupancy height 0.1m




Energies 2022, 15, 1482

10 0of 18

5.1.3. Luminaire Type

Here we choose a recessed luminaire, and the style of the luminaire is shown in
Figure 4A. Figure 4B is the light intensity distribution curve of the luminaire, which is
similar to the Lambert model. The cost per luminaire is RMB 78. The light intensity
distribution information of the luminaire can be obtained by the IES file provided by the
manufacturer. The details of the luminaire selected in this paper are shown in Table 4. The
color temperature of the luminaire is 4000 K, which is an intermediate color and is suitable
for an office and conference room.

60

cd/kim n=94%
===C0.C180 = (C$0-C270

(A) (B)

Figure 4. Details of the luminaire. (A) is the outlook, and (B) is the polar intensity diagram of
the luminaire.

Table 4. Details of the luminaire.

Item Values
Dimension 500 x 500 x 100 mm
Power 293 W
Power factor (1) 0.94
Efficacy 97.9 Im/W
Color temperature 4000 K
Color rendering RA >80
Total luminous flux of luminaire 2868 Im

5.1.4. Experimental Process

The experiments of this paper were run on a laptop with i5-10210U CPU, 16G RAM,
and MX250 GPU. All algorithms were run on a MATLAB 2019a platform and validated
by DIALux V5.9 (DIALux evo 2021). Here, the IPSO was compared with the PSO and the
GA. To ensure fairness, each algorithm was run 30 times independently, with a population
size of 30 and an iteration number of 30, and all used UDPR. In order to test the mathe-
matical model (Equation (6)) and algorithm proposed in this paper, many different room
configurations and luminaire configurations were tested. We will only provide results for
some representative room configurations and luminaire configurations. The optimization
process of the IPSO is shown in Figure 5. Finally, we will get the optimal (N, Ny, L¢, L;).
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Figure 5. The flow diagram of the optimization process with an IPSO-based method.

5.2. Data Analyses and Results
5.2.1. ILL Problem Using IPSO-Based Method

The iterative motion of the particles is shown in Figure 6. Since the design variables
are four-dimensional, different colors are used to represent different combinations of N,
and Nj, for visualization purposes. After 30 iterations of the IPSO, the particles basically
gather to a point, so this paper sets the algorithm to iterate 30 times.

4 (Na, Nb) 4 (Na, Nb)
® © (2,2) o (4,3) ® (2.,5)
N ® (2,5) o (4.,4) ° (3.4)
3 © (3,4) o (5,3) 3 ° (3.,5)
E o (3,5) E °© (4.4)
3 ° [SX5)) 2] 3 o o ‘.
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11 1 Q
1 1.5 2 2.5 3 1 1.5 2 2.5 3
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A: iteration 0 B: iteration 10
49 4
(Na, Nb)
{Na, Nb) e (3,4)
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E E
- 3
) o] ? & , ®
Q [oF5)
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1 1.5 2 2.5 3 1 1.5 2 25 3
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C: iteration 20 D: iteration 30

Figure 6. (A-D) Swarm (N,, N, Lt, L;) movement toward an optimal solution with iterations in
the IPSO.
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Furthermore, the optimal luminaire layout position obtained each time was recorded,
as shown in Figure 7. The optimal luminaire layout position was almost unchanged.

i
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Figure 7. Variation of optimal decision variables and corresponding average values after running the

program 30 times.

5.2.2. Comparison of the Proposed Method and Previous Methods

The performance of the proposed IPSO-based method was further compared with
the PSO and GA. After each algorithm was run 30 times independently, changes in the
average best fitness for each algorithm are shown in Figure 8. Average best fitness means
the average of the best fitness values for each generation over 30 trials. The IPSO has a fast
convergence speed and the best performance of finding the optimization. The GA has the
slowest convergence speed and the worst performance of finding the optimization.

373 F-iPso  PSO__GA|
36.5 1 I

w
w 9w
O n o
=
\,

£
e

Average best fitness

w
A

33.517

33

T T 1

T

0 5 10 15 20 25 30
lterations

Figure 8. Average best fitness of the IPSO, PSO, and GA changed with iterations.
Qlighting as a performance indicator is used for comparison, as shown in Equation (19).

Emeun - Emean_limit + uo - uo_limit uGRlimit — UGR

(19)
Enean_timit Uy timit UGRjimit

Qlighting -

The best fitness value (BFV), the worst fitness value (WFV), the mean value (MV),
and the standard deviation (STDEV) were selected to further evaluate the optimization
ability. As shown in Table 5, both the IPSO and PSO can find the BFV after 30 trials, but the
IPSO outperforms the PSO in all other respects. The optimal results of the GA get a worse
layout of luminaires, which can be seen by the value of Qjgpting in Table 6. To validate the
advantage of four decision variables that this paper proposed, we compared the runtime
and success rate with the method proposed in the paper [11]. The programs were run
30 times separately in the same environment. The proposed method was 10.6% faster than
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that in the paper [11] on average and had an additional 23.33% success rate. Finally, Eeqn
was 528 Ix (recommended minimum is 500 1x), U, was 0.89 (recommended minimum is 0.7),
UGR was 17 (recommended maximum is 19), and LPD 7.325 was W/m? (recommended
maximum is 15 W/m?), as shown in Table 6. In other words, the proposed method can
increase Ejeqn by 5.6% and U, by 27.1% and decrease UGR by 10.5% and LPD by 51.2%
compared with the lighting standard.

Table 5. Experimental results of each algorithm.

Algorithm BFV WEFV MV STDEV

IPSO 36.677 35.351 36.589 0.331

PSO 36.677 33.541 35.645 1.150

GA 36.097 32.952 34.786 1.332

Table 6. Comparison of optimal results of different algorithms.
Type N N L¢(m) L; (m) Enean (1X) U, UGR LPD (W/m?) Qlighting Success Rate
IPSO 3 4 2.488 2.326 528 0.89 17 7.325 0.43 93.33%
PSO 3 4 2.488 2.326 528 0.89 17 7.325 0.43 70.00%
GA 3 4 2418 2.316 520 0.82 17 7.325 0.32 -

5.2.3. Validation

To validate the optimized layout from the IPSO, the same room parameters are used
in the DIALux. Figure 9 shows a comparison of the illuminance distribution of the working
plane, which sets a grid of 7 x 9 to show the point illuminance, and the contours only
show the values of 460 1x, 475 1x, 500 Ix, 525 Ix and 550 1x, obtained by the developed
program and DIALux. The maximum difference in illuminance is 50 1x, which is hardly
perceptible by the human eye. Figure 10 is a pseudo-color graph of spatial illuminance. The
black rectangle is a window, where no illuminance calculation was performed; therefore, it
appears black. Figure 10 shows that the colors on the working plane are green, indicating a
uniform distribution of illuminance on the working plane.

6 6 - .
9 0?4@ - %O //_53{? B ¥ / F i< A !
5t ‘\| { Q e N ( -
RN N 21 i
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3 550/\ { dy ¢
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. ; p . 9 0 051 283 512 7.48 8
Length/m
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Figure 9. Contour map of illumination distribution on the working plane. (A) Results from the
developed program and (B) results from DIALux.
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Figure 10. Pseudo-color graph of room space illuminance distribution.

UGR is computed with a grid of 7 x 9 on a horizontal plane of 1.2 m (the height of the
human eyes when sitting down) from 0° to 360°, step 15°. First, we use DIALux to calculate
the UGR. The results show that the maximum UGR value occurs in the direction of 30°.
Therefore, a view angle of 30° is chosen to observe the results of the developed program
and the DIALux simulation. As shown in Figure 11, both have the maximum UGR value of
17. UGR values are greater in the lower-left corner because the angle of observation is 30°.

2 12 11 10 9 8 7 6 6 ° 12 12 11 11 10
14 13 12 11 9 8 7 6 6 14 14 13 13 12 11
15 13 13 11 9 8 8 6 6 15 14 14 13 12 11
6 15 14 12 10 9 8§ 6 6 gg. 16 15 14 14 13 12
16 16 14 13 11 10 8 6 6 > e o5 151w
6 16 15 14 12 11 9 7 7 16 16 16 16 14 13
17 16 16 14 14 11 10 T 7 17 17 47 16 15 14
4 8 0-0 4 s
Length/m Length/m
(A) (B)

Figure 11. Grid-specific UGR values on a 1.2 m horizontal plane with a view angle of 30° calculated
by the (A) developed program and (B) DIALux.

LPD has no variation since both use the same luminaires and number of luminaires. A
detailed comparison of the design parameters is shown in Table 7. The deviation of E;;ean
and U, is about 0.4% and 2.2%, which explains the difference of illuminance distribution in
Figure 9 and proves the effectiveness of the algorithm and model proposed in this paper.

Table 7. Values of design parameters obtained from the developed program and DIALux.

Solution Enean (1X) u, UGR LPD (W/m?2) CRI
Developed program 528 0.89 17 7.325 >80
DIALux 530 0.91 17 7.325 >80

6. Applications

In order to make it visual for lighting design engineers and related researchers to
use the method proposed by this paper, we design an Indoor Luminaire Layout System
APP using MATLAB APP Designer. As shown in Figure 124, the beginning interface is
divided into two parts: the left one is the input area, and the right one is the output area.
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The input area includes room information and luminaire information. Clicking “Select” to
select the IES file in the folder. After inputting the information, click “Begin” to get the
optimization result, as shown in Figure 12B. The coordinates of the luminaires are displayed
in the coordinate system, and the values of the optimal decision variables (N,, Ny, Lt, L;)
are displayed simultaneously.

Indoor Luminaire Layout System Indoor Luminaire Layout System
Room Details: Room Details:
Length o m Length 6 m
Width ol m y Optimized layout Width 8| m . Optimized layout
o o o
Height al m Height 3 m 6
E - i B o o o o
Working place ol m E 05 Working place | 075 m g 4
o o o
Ceiling effecctive reflectance 0; % Ceiling effecctive reflectance 80| % 2
o o] o)
0 - - - : : 5 0 - . = . - -
Wall effecctive reflectance 0| % 0 2 o e 2 g Wall effecctive reflectance 80| % 0 1 2 3 4 5 €
) Length g Length
Floor effecctive reflectance 0 % Floor effecctive reflectance 20| %
Na [ 0 Nb | 0 Na [ 3 Nb [ 4
Lamp Select: Lamp Select: '
Select luminaire type | Lt 0/m L 0/ m Select luminaire type |phl_led30 Lt 2488 m LI [2326m
Cost C [QRME or @l o cost | 78| RMB off (D on
Begin Begin
(A) (B)

Figure 12. Interface of the Indoor Luminaire Layout System. (A) Beginning interface and (B) result
interface of an example.

7. Conclusions

In order to address complex design parameters and conflicting design goals of the ILL
problem, an improved mathematical model and an improved particle swarm algorithm
are proposed. The proposed method works on the design of large lighting locations for
GLS whose N; and Nj, are greater than 2 (e.g., office, meeting room, sports hall). In the
aspect of the mathematical model, the ILL problem is formulated as a nonlinear constrained
optimization problem, considering five mutually conflicting design parameters: Eean, U,
LPD, UGR, and cost. For GLS, the number and location of luminaires can be uniquely
determined by optimizing four decision variables (N, Ny, L¢, L;), which have been avoided
using program loops to determine the number of luminaires. In the aspect of algorithm,
since there exist integers and consecutive numbers of decision variables, UDPR is proposed,
which improves the robustness compared with the traditional rounding method. The
velocity of the best global particle is improved by randomly selecting two positions for
updating, increasing the probability of jumping out of the local optimum. What is more,
we use nonlinear inertia weights with random items to increase particle diversity.

In the case study, a typical senior office is taken to verify our method. Design parame-
ters’ limiting values are recommended by a Chinese lighting standard (GB 50034-2013). By
comparing the IPSO with the PSO and GA, the results show that the IPSO has better con-
vergence speed and optimization performance. Then we analyze the IPSO results, which
show that the parameters that are optimized are improved compared with their limiting
values. What is more, four decision variables this paper proposed in mathematical models
contribute the speed of the program. Ej;eq, is 528 Ix (recommended minimum is 500 Ix),
U, is 0.89 (recommended minimum is 0.7), UGR is 17 (recommended maximum is 19),
and LPD is 7.325 W/m? (recommended maximum is 15 W/m?). Further, our method was
validated by DIALux. It shows that the deviation of E;.q, and U is about 0.4% and 2.2%,
and other parameters have no deviation, which shows the effectiveness of the algorithm
and model proposed in this paper. Finally, we design an APP to facilitate the use of lighting
design engineers and other related researchers, which is not considered an alternative to
commercial lighting design. Lighting designers need to fill in the room details, select the
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illuminance IES file, and enter the price to get the recommended illuminance layout as a
reference. Just by changing the illumination standards and luminaire information, it can be
widely applied to GLS.

However, this study has some limitations and problems that need to be addressed
and overcome in future research. On the one hand, lighting design parameters not only
are those considered in this paper, but also include the contribution of daylight into the
room, human preferences, and the spatial distribution of colors in the environment. On
the other hand, the minimum illuminance values tend to occur in the corners of the room,
which are generally not working areas. However, in order to improve U,, it is necessary to
increase the brightness in this area. Further, it will affect the distribution of luminaires and
waste energy.

Under this research, it is efficient to study daylight-responsive indoor smart lighting
control systems in future research, because our research promises a high quality of lighting
when there is no daylight. Altogether, the method proposed in this paper provides some
new facets to the ILL that deserve more research and investigation in the future.
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Nomenclature

APP application

cost lighting costs per unit of illumination
CRI general color rendering index

Emean average illuminance

GA genetic algorithm

GLS general lighting scheme

ILD indoor lighting design

ILL indoor luminaire layout

IPSO improved particle swarm optimization
LED light-emitting diode

N, number of luminaires in a row

Ny number of luminaires in a column

Ly regular luminaire spacing along length
L regular luminaire spacing along width
PSO particle swarm optimization

Qlighting ~ quality of lighting

u, overall uniformity

UDPR up—down probabilistic rounding
UGR unified glare rating
Im/W lumen per watt
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Lm lumen
m meter
Y watt

W/m? watt per square meter

References

1. Van Duijnhoven, J.; Aarts, M.P].; Kort, H.S.M. Personal lighting conditions of office workers: An exploratory field study. Lighting
Res. Technol. 2021, 53, 285-310. [CrossRef]

2. Montoya, EG.; Pefia-Garcia, A.; Juaidi, A.; Manzano-Agugliaro, F. Indoor lighting techniques: An overview of evolution and new
trends for energy saving. Energy Build. 2017, 140, 50-60. [CrossRef]

3. LiJ; Wu, CH,; Chen, CW.; Huang, Y.F; Lin, C.T. Apply fuzzy DEMATEL to explore the decisive factors of the auto lighting
aftermarket industry in Taiwan. Mathematics 2020, 8, 1187. [CrossRef]

4.  Hwang, T,; Kim, ]J.T. Effects of indoor lighting on occupants’ visual comfort and eye health in a green building. Indoor Built
Environ. 2011, 20, 75-90. [CrossRef]

5. Baniya, R.R,; Tetri, E.; Halonen, L. A study of preferred illuminance and correlated color temperature for LED office lighting.
Light Eng. 2015, 23, 39.

6.  Carli, R,; Dotoli, M. A dynamic programming approach for the decentralized control of energy retrofit in large-scale street lighting
systems. IEEE Trans. Autom. Sci. Eng. 2020, 17, 1140-1157. [CrossRef]

7. Beccali, M.; Bonomolo, M.; Brano, V.L.; Ciulla, G.; Di Dio, V.; Massaro, F,; Favuzza, S. Energy saving and user satisfaction for a
new advanced public lighting system. Energy Convers. Manag. 2019, 195, 943-957. [CrossRef]

8.  Wang, Z,; Tan, Y.K. llumination control of LED systems based on neural network model and energy optimization algorithm.
Energy Build. 2013, 62, 514-521. [CrossRef]

9. Mendes, L.A.; Freire, R.Z.; dos Santos Coelho, L.; Moraes, A.S. Minimizing computational cost and energy demand of building
lighting systems: A real time experiment using a modified competition over resources algorithm. Energy Build. 2017, 139,
108-123. [CrossRef]

10. Mattoni, B.; Gori, P,; Bisegna, F. A step towards the optimization of the indoor luminous environment by genetic algorithms.
Indoor Built Environ. 2017, 26, 590-607. [CrossRef]

11.  Mandal, P; Dey, D.; Roy, B. Optimization of luminaire layout to achieve a visually comfortable and energy-efficient indoor general
lighting scheme by particle swarm optimization. Leukos 2019, 17, 91-106. [CrossRef]

12.  Madias, E.N.D.; Kontaxis, P.A.; Topalis, EV. Application of multi-objective genetic algorithms to interior lighting optimization.
Energy Build. 2016, 125, 66-74. [CrossRef]

13. Plebe, A.; Pavone, M. Multi-objective Genetic Algorithm for Interior Lighting Design. In Proceedings of the International
Workshop on Machine Learning, Optimization, and Big Data, Volterra, Italy, 14-17 September 2017; pp. 222-233.

14. Kennedy, J.; Eberhart, R. Particle swarm optimization. In Proceedings of the ICNN’95-International Conference on Neural
Networks, Perth, WA, Australia, 27 November—1 December 1995; Volume 4, pp. 1942-1948.

15. Liu, B; Yuan, P; Wang, M.; Bi, C,; Liu, C.; Li, X. Optimal Design of High-Voltage Disconnecting Switch Drive System Based on
ADAMS and Particle Swarm Optimization Algorithm. Mathematics 2021, 9, 1049. [CrossRef]

16. Moayedi, H.; Mehrabi, M.; Mosallanezhad, M.; Rashid, A.S.A.; Pradhan, B. Modification of landslide susceptibility mapping
using optimized PSO-ANN technique. Eng. Comput. 2019, 35, 967-984. [CrossRef]

17.  Hsieh, H.T.; Chu, C.H. Particle swarm optimisation (PSO)-based tool path planning for 5-axis flank milling accelerated by
graphics processing unit (GPU). Int. J. Comput. Integr. Manuf. 2011, 24, 676-687. [CrossRef]

18. Shi, Y.; Eberhart, R. A modified particle swarm optimizer, 1998 IEEE international conference on evolutionary computation
proceedings. In Proceedings of the IEEE World Congress on Computational Intelligence (Cat. No. 98TH8360), Anchorage, AK,
USA, 4-9 May 1998; pp. 69-73.

19. Shi, Y.; Eberhart, R.C. Fuzzy adaptive particle swarm optimization. In Proceedings of the 2001 Congress on Evolutionary
Computation (IEEE Cat. No. 01TH8546), Seoul, Korea, 27-30 May 2001; Volume 1, pp. 101-106.

20. Yuan, X.; Yang, D.; Liu, H. MPPT of PV system under partial shading condition based on adaptive inertia weight particle swarm
optimization algorithm. In Proceedings of the 2015 IEEE International Conference on Cyber Technology in Automation, Control,
and Intelligent Systems (CYBER), Shenyang, China, 8-12 June 2015; pp. 729-733.

21. Mahfouf, M.; Chen, M.Y,; Linkens, D.A. Adaptive weighted particle swarm optimisation for multi-objective optimal design of
alloy steels. In Proceedings of the International Conference on Parallel Problem Solving from Nature, Berlin, Heidelberg, 18-22
September 2004; pp. 762-771.

22. Zhan, Z.H.; Zhang, ].; Li, Y,; Chung, H.S.H. Adaptive particle swarm optimization. IEEE Trans. Syst. Man Cybern. Part B 2009, 39,
1362-1381. [CrossRef] [PubMed]

23. Zhang, L.; Yu, H.; Hu, S. A new approach to improve particle swarm optimization. In Proceedings of the Genetic and Evolutionary
Computation Conference, Chicago, IL, USA, 12-16 July 2003; pp. 134-139.

24. Whitley, D. A genetic algorithm tutorial. Stat. Comput. 1994, 4, 65-85. [CrossRef]

25. DIALux V5.9. Available online: https://www.dialux.com/ (accessed on 10 February 2022).


http://doi.org/10.1177/1477153520976940
http://doi.org/10.1016/j.enbuild.2017.01.028
http://doi.org/10.3390/math8071187
http://doi.org/10.1177/1420326X10392017
http://doi.org/10.1109/TASE.2020.2966738
http://doi.org/10.1016/j.enconman.2019.05.070
http://doi.org/10.1016/j.enbuild.2013.03.029
http://doi.org/10.1016/j.enbuild.2016.12.072
http://doi.org/10.1177/1420326X15608229
http://doi.org/10.1080/15502724.2018.1533853
http://doi.org/10.1016/j.enbuild.2016.04.078
http://doi.org/10.3390/math9091049
http://doi.org/10.1007/s00366-018-0644-0
http://doi.org/10.1080/0951192X.2011.570792
http://doi.org/10.1109/TSMCB.2009.2015956
http://www.ncbi.nlm.nih.gov/pubmed/19362911
http://doi.org/10.1007/BF00175354
https://www.dialux.com/

Energies 2022, 15, 1482 18 of 18

26.
27.
28.
29.

30.
31.

32.

33.

34.

35.

Indoor Luminaire Layout System APP V1.0. Available online: https://pan.baidu.com/s/1acP7jxfzj08Pr5af]lerfw?pwd=ivgi
(accessed on 10 February 2022).

MATLAB App Designer V2019a. Available online: https:/ /www.mathworks.com/downloads/ (accessed on 10 February 2022).
Zygomatic. Wordclouds.com. Available online: https://www.wordclouds.com (accessed on 11 June 2021).

Dang, R.; Guo, W.; Luo, T. Correlated color temperature index of lighting source for polychrome artworks in museums. Build.
Environ. 2020, 185, 107287. [CrossRef]

Tregenza, P.R.; Waters, I.M. Daylight coefficients. Lighting Res. Technol. 1983, 15, 65-71. [CrossRef]

Zheng, Y.; Meng, Z.; Shen, R. An M-Objective penalty function algorithm under big penalty parameters. J. Syst. Sci. Complex.
2016, 29, 455-471. [CrossRef]

Curtis, EE.; Nocedal, ]. Flexible penalty functions for nonlinear constrained optimization. IMA |. Numer. Anal. 2008, 28,
749-769. [CrossRef]

Raynham, PJ.; Bean, A.R. Calculation of transfer factors in the European utilization factor method. Lighting Res. Technol. 2006, 38,
341-357. [CrossRef]

Cai, X.; Wang, H.; Cui, Z,; Cai, J.; Xue, Y.; Wang, L. Bat algorithm with triangle-flipping strategy for numerical optimization. Int. J.
Mach. Learn. Cybern. 2018, 9, 199-215. [CrossRef]

Wharmby, D.O. Electrodeless lamps for lighting: A review. IEE Proc. A-Sci. Meas. Technol. 1993, 140, 465—473. [CrossRef]


https://pan.baidu.com/s/1acP7jxfzj08Pr5afJ1erfw?pwd=ivgi
https://www.mathworks.com/downloads/
https://www.wordclouds.com
http://doi.org/10.1016/j.buildenv.2020.107287
http://doi.org/10.1177/096032718301500201
http://doi.org/10.1007/s11424-015-3204-3
http://doi.org/10.1093/imanum/drn003
http://doi.org/10.1177/1477153506070676
http://doi.org/10.1007/s13042-017-0739-8
http://doi.org/10.1049/ip-a-3.1993.0071

	Introduction 
	Problem Statement 
	Mathematical Model of ILL 
	Selection of Design Parameters 
	The Quality of Lighting 
	Lighting Cost and Efficiency 
	Single-Objective Optimization Model for Luminaire Layout 

	Algorithm Design 
	Basic Particle Swarm Algorithm 
	Improved Particle Swarm Algorithm 

	Experiments and Tests 
	Experiments 
	Lighting Standards 
	Room Type 
	Luminaire Type 
	Experimental Process 

	Data Analyses and Results 
	ILL Problem Using IPSO-Based Method 
	Comparison of the Proposed Method and Previous Methods 
	Validation 


	Applications 
	Conclusions 
	References

