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ABSTRACT In this paper, we consider a visible light communication (VLC) system with direct current-
biased orthogonal frequency division multiplexing (DC-OFDM) and investigate resource allocation for a
multi-user environment. Based on the user satisfaction index as a function of data rate, we aim to optimally
determine the allocation of the users to different LEDs (acting as access points) and OFDM subcarriers.
We propose a simulated annealing-based heuristic to maximize the average user satisfaction index. In an
effort to make the proposed solution practically feasible, the runtime of the proposed heuristic is kept less than
the channel coherence time, whose value is in order of tens of milliseconds. We evaluate the performance of
the proposed heuristic algorithm in different scenarios that vary in the number of users, the number of LEDs,
and the separation between users. Our results demonstrate that the proposed heuristic outperforms other well-
known heuristics (such as standard simulated annealing, iterative greedy, particle swarm optimization, and
tabu search) while achieving good quality solutions within a short execution time, i.e., 40—-80 ms.

INDEX TERMS Visible light communications, resource allocation, optimization, simulated annealing,
heuristics.

I. INTRODUCTION

Visible light communication (VLC) systems are becoming
an effective means of wireless communication [1]. They use
light emitting diodes (LEDs) to transmit data, and can be
used as a complementary wireless access technology to WiFi
and cellular systems. VLC systems feature several advantages
such as: (i) a very large bandwidth; (ii) operation in unli-
censed spectrum; (iii) useful in places where radio-frequency
(RF) signals are not permitted or restricted (for example,
some areas in hospitals where the RF signals interfere with
patient monitoring systems); and (iv) fading-free channel due
to inherent aperture averaging. In addition to the advantages
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mentioned above, the ubiquitous availability of LEDs makes
possible the widespread adoption of VLC systems in the near
future.

The VLC systems employ intensity modulation and direct
detection (IM/DD) in which the LEDs modulate the intensity
of the light to send data, and the receivers use a photode-
tector (PD) to retrieve data. Earlier VLC systems employed
single-carrier transmission techniques over the frequency-
selective channels. However, their data rates remain lim-
ited and therefore are not suitable for high-speed applica-
tions. The latter VLC systems adopted different types of
multi-carrier transmission techniques [2]-[6] and offered
high data rates. In particular, orthogonal frequency division
multiplexing (OFDM) was employed in the VLC systems
with many variations. Among these, DC-biased optical
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OFDM (DCO-OFDM) is the most popular due to its simplic-
ity and will be also adopted in this work. In DCO-OFDM,
Hermitian symmetry is imposed on the data frame to make the
signal real-valued. Then, a DC bias is added to shift the signal
into the dynamic range of the LED. DCO-OFDM was already
chosen as the mandatory physical layer mode in the upcoming
IEEE standard on VLC systems (IEEE 802.15.13) [7].

Orthogonal frequency division multiple access (OFDMA)
extends the OFDM to multi-users. In OFDMA, the subcar-
riers (i.e., frequency slots), time slots, and transmit pow-
ers, or any combination of these are treated as resources.
Resource allocation is a key technique to optimize the per-
formance of OFDMA. There is already a rich literature on
OFDMA-VLC systems. For example, in [8], Wang et al. pro-
posed resource allocation schemes to maximize the so-called
B-proportional fairness function. When g is equal to oo,
the function implements a max-min fairness scheduler, and
when § = 1, it reduces to a proportional fairness scheduler.
They proposed an iterative algorithm where all users choose
a suitable number of resource blocks based on the Lagrangian
multiplier method in each iteration of the algorithm. In [9],
Bykhovsky and Arnon proposed another resource allocation
algorithm that manages subcarrier reuse between different
transmitters and power redistribution between different
subcarriers under interference constraints. They divided
the problem into smaller sub-problems and solved each
sub-problem using a simple heuristic. The heuristic of each
sub-problem uses the greedy approach to assign the subcar-
riers to transmitters that offer minimum bit error rate (BER)
value. To optimally distribute power among subcarriers, they
analyzed three existing heuristics which are based on water-
filling method, convex optimization, and greedy algorithm.
In [10], Ling et al. pursued resource allocation problem along
with DC-bias optimization. The objective function of DC
bias selection comprises terms for both illumination level
and clipping noise. For the optimal allocation of power and
subcarriers, they proposed three methods based on exhaustive
search, dual decomposition, and constant and equal power
allocation.

In [11], Seguel et al. investigated the subcarrier alloca-
tion to maximize the downlink VLC channel capacity. They
modeled the resource allocation problem as a binary and con-
strained optimization problem and solved it using the Binary
Cuckoo Search [12] and Genetic algorithm (GA) [13]. In [14],
Feng et al. aimed to maximize the throughput of a multi-user
VLC system through user selection, bit loading (i.e., selection
of modulation size) and power allocation. They formulated
the maximization as a multi-choice knapsack problem and
solved it using a heuristic based on dynamic programming.
Recently, Demir et al. [15], [16] applied the GA and Parti-
cle Swarm Optimization (PSO) metaheuristic algorithms for
resource allocation in DCO-OFDM systems to maximize the
data rate and user fairness index.

The existing applications of metaheuristic algorithms in
resource allocation problems of VLC systems discussed
above do not account for the channel coherence time.
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Soltani et al. [17] showed that the coherence time of the
indoor VLC channels highly depends on the user location
and direction and its value lies within the order of tens of
milliseconds. A resource allocation algorithm with a runtime
smaller than the channel coherence time can accommodate
the dynamic changes in the position of the users without
any effect on the data rate for the users. Therefore, keeping
the runtime of the algorithm smaller than the channel coher-
ence time is a vital feature for practical implementation of
VLC systems.

In this paper, we consider a multi-user DCO-OFDM
VLC system. We allocate the subcarriers to users to maximize
the average user satisfaction index. This index is defined as
the ratio between the actual data rate to the required data
rate. It is assumed that although any LED can send data to
multiple users, any user can receive data from any one LED
without any restriction on the number of subcarriers. For the
solution of subcarrier allocation problem under considera-
tion, we need a metaheuristic algorithm with a short runtime.

The metaheuristic algorithms can be divided into two
classes based on the number of solutions they store in the
memory: (i) population-based, e.g. GA, PSO, etc. ; and
(i1) single-solution-based, e.g. simulated annealing (SA),
Simulated Evolution (SimE), etc. The population-based
metaheuristics usually produce good quality solutions and
require a significant amount of runtime. The single-solution-
based metaheuristic algorithms are fast and can converge to
good solutions within a short time. The resource allocation
algorithms in VLC systems demand a runtime in the order
of tens of milliseconds; therefore, the single-solution-based
metaheuristic algorithms are suitable for this problem.

Taking into account runtime constraints, we apply the
SA algorithm to resource allocation problem in VLC sys-
tems under consideration, and propose a problem-specific
neighbor function. We develop the neighbor function in two
steps. In the first step, we represent the solution as a biparitite
graph (BG). In the second step, we use the BG representation
to develop a robust neighbor function. A BG contains two
layers of nodes. The first layer contains LEDs, and the second
layer contains the subcarriers. The edges between the LEDs
and subcarriers have a label that indicates a user. An edge
refers to an allocation in which the user indicated by its
label is allocated to the LED and subcarrier denoted by the
starting and ending nodes of that edge. One key benefit of
representing the solution in the BG is that it becomes easy to
distinguish invalid and valid solutions. The simulation results
reveal that the proposed problem-specific neighbor function
significantly improves the convergence capability of the SA
and it can return good solutions using a minimal runtime.
A comparison with some standard metaheuristic algorithms
such as SA, Tabu search (TS), Iterative Greedy (IG), and PSO
indicates that the performance of the proposed heuristic is
significantly better than that of the standard ones in most of
the usage scenarios under consideration.

This paper is organized as follows. In the second section,
we present the system model under consideration. In the
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FIGURE 1. Illustration of a VLC system.
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FIGURE 2. Simplified block diagram of the DCO-OFDM transmitter.

third section, we first describe the optimization problem, then
present the solution representation and optimization heuristic.
In the fourth section, we provide simulation results. Finally,
we conclude in the last section.

Il. SYSTEM MODEL

As illustrated in Fig. 1, we consider the centralized light
access network (C-LiAN) architecture proposed in [18].
In C-LiAN, multiple LEDs serve as Access points (AP),
and there is a central controller that performs the AP-related
computations such as signal processing, interference manage-
ment, scheduling, and resource allocation. We assume that
N users are randomly located in the room, and denoted
by ay = {ug,u1,...,uny—1}. The ceiling of the room
contains uniformly distributed LEDs denoted by o =
{lo, 1, ..., I —1}, where L is the number of LEDs. Each LED
is assigned up to K subcarriers that can be shared by sev-
eral users, and subcarriers of LED /; are denoted as S; =
{s0, 51, .., sk —1}.

The physical layer of the system under consideration builds
upon DCO-OFDM. Fig. 2 shows the block diagram of the
VLC transmitter. The input bit stream for each LED is
mapped into complex symbols according to a modulation
scheme, e.g., phase-shift keying (PSK) or quadrature ampli-
tude modulation (QAM). The inverse fast Fourier transform
(IFFT) is applied to obtain the time domain signals. The
Hermitian symmetry is imposed on the OFDM subcarriers
to ensure real-valued signals. This requires that s = sk _,
where [.]* denotes the complex conjugate operation. It can

VOLUME 7, 2019

PD
,, —| Amplifier |« @

Opticalto
electrical DD

R.x : X
bits

»
@
5
e

s
I
ES
o

FIGURE 3. Simplified block diagram of the DCO-OFDM receiver.

be noted that so and sk > are set equal to zero, and conse-
quently, the number of subcarriers that carry data reduces
to % — 1. The resulting data vector for the LED /; has the
form of X; = [O §182 ... SK/2—1 Os}“(/zfl .. 5 s’l“] After
K -point IFFT operation, the digital signal is passed through
a digital-to-analog converter (DAC). A DC-bias (xpc) is
further added and the resulting signal drives the LED. Let
P, denote the electrical power of the input signal. Similarly,
let P, denote the optical power output of the LED. The
relationship between the optical and electrical powers can be
expressed as ¢ = P 2 , where ¢ is the power ratio. Fig. 3 shows
the block diagram of the VLC receiver. After the optical
signal is collected by a photodetector (PD), an amplifier is
used to mitigate the effects of path loss. After analog-to-
digital conversion (ADC), fast Fourier transform (FFT) is
performed and the signal is demodulated to recover the data.

In our work, we assume a line-of-sight (LOS) optical chan-
nel. The channel coefficient between the LED /; and user u;
is given by

(m+ 1)ApX2Ts(1/fli,t4/)

COSm(qﬁli’uj )COS(WI,-,uj)

2 ) 27dp, , sin(Yre)

., u;)= 1

n when w = Ve
0 when ¥y, > Ve

ey

where ¢y, ,; and ¥, ,,; denote, respectively, the angle of irradi-
ance and angle of incidence between the LED /; and user u;.
As shown in Fig. 4, dl,-,u,- is the distance between the LED [;
and user u;. V. is the field-of-view (FOV) semi-angle of the
user PD. m is the order of Lambertian emission and is equal
to m where ¢1,, is the semi-angle of the LED.
Ap is the area of the PD, Ts(lmi,uj) is the optical filter gain,
B; denotes the baseband modulation bandwidth, and
x denotes the refractive index.

Assume that user ; is connected to the LED /. The cor-
responding signal-to-interference-plus-noise ratio (SINR) is
given by

(ke PoH (I, Mj))2
ek PoH (i, 1)) + (>NoBy,

Yuj = 2
where R denotes the set of interfering LEDs that interfere with
u;j, k denotes the optical to electrical conversion efficiency of
the PDs; N, denotes the noise power spectral density; and
B, denotes the baseband modulation bandwidth.

In our system, the best modulation order is selected for
each subcarrier based on the SINR value. Table 1 shows
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FIGURE 4. LOS channel model.

TABLE 1. Modulation and coding table.

min. SINR (dB) | Modulation | coderate | SE (bit/s/Hz)

- - - 0

1 QPSK 0.44 0.8770
3 QPSK 0.59 1.1758
5 16QAM 0.37 1.4766
8 16QAM 0.48 1.9141
9 16QAM 0.60 2.4063
11 64QAM 0.45 2.7305
12 64QAM 0.55 3.3223
14 64QAM 0.65 3.9023
16 64QAM 0.75 4.5234
18 64QAM 0.85 5.1152
20 64QAM 0.93 5.5547

the relationship between the SINR and SE values [8], [19].
We denote the subcarrier s; of the LED [; as fj, 5, and its
achievable spectral efficiency (SE) as g;; 5, . The data rate of
the user u; when it is served by the LED /; is given by

2B,
Ci="7 D dus, 3)
k'el’

where I denotes the set of subcarriers of LED /;.

Ill. RESOURCE ALLOCATION OPTIMIZATION PROBLEM
AND SOLUTION
We formulate a subcarrier allocation problem to maximize the
user satisfaction in terms of data rate. Users have various type
of data traffic and therefore their data rate requirements vary.
The degree of satisfaction of any user is the ratio between its
actual data rate to the required data rate. Let R; denote the
required data rate for the user u;. For user u;, the degree of
satisfaction is defined as
G .
— ifCj <R;
9/' = Rj
1 otherwise

“

The objective of our optimization is to maximize the average
of the satisfaction indices of all users. Mathematically, we can
express the objective function as

Zj:o...N—l 0

Maximize f(A) = N

&)
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FIGURE 5. A bipartite graph representation of the solution (A).

where A represents a possible solution of the resource alloca-
tion problem. In the following sub-sections, we discuss the
solution representation and optimization heuristic.

A. REPRESENTATION OF THE SOLUTION

The solution representation has a significant influence on the
ability of the metaheuristic to search the solution space [20].
In the resource allocation (RA) problem under considera-
tion, an ordinary solution encoding allows both valid and
invalid solutions (i.e., a solution that allocate a same user to
multiple LEDs). Since we have a strict restriction on the max-
imum amount to runtime, therefore, we want to use a solution
encoding that helps the search to skip invalid solutions.

We propose to use BG [21], [22] to represent the solution
(A) of the RA problem under consideration. A benefit of
BG representation is that it differentiates between valid and
invalid solutions, and enable us to improve the runtime of
the heuristic by avoiding invalid solutions. Fig. 5 shows the
BG representation of the solution. It has two layers of nodes,
and the edges connect only the nodes of the first layer with
the nodes of the second layer. The nodes of the first layer
of the BG represent the LEDs, and the nodes of the second
layer represent the subcarriers. The edges between the nodes
should have a label equal to any one of the users. We represent
the nodes of the first layer as {ly, /1, ..., [L—1}, and nodes of
the second layer as {so, 1, ..., Sk _,}. We represent an edge
using a triplet (I;, s, u;), where [; € L and s; € § are the
starting and end nodes, and u; € ay is the label. An edge
(i, sk, uj) indicates that the user u; receives data from the
subcarrier s; of the LED /;. A random generation of edges
may lead to an invalid solution of the RA problem. Therefore,
we define some constraints for the BG listed in the following:

1) The out-degree of any node of the first layer should not

be more than % —1l,ie.:

K
0 < deg™(ly) < 5 I, ViieL (6)
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Algorithm 1 Overview of the SA Algorithm

Algorithm 2 Metropolis Function of the SA Algorithm

Input: A, Ty, o, B, My

Output: A
1 T =Ty, M =My, Apest = A;
2 c=f(A);
3 Chest = C;
4 while Stopping criterion not reached do
5 Call Metropolis(A, Apest, T, M);
6 Replace M by B x M,and T by o x T}
7 end
8 return Apeg;

2) All edges that have the same label should also a com-
mon starting node, i.e.:

iy sk up) € A — (I, s u) & A,
Vi' #j, k and k" are mutually unrelated. (7)

3) A node of the first layer should have up to one edge to
any node of the second layer, i.e.:

Uiy s, wj) € A — iy s, up) ¢ A, Nj #i (8)
B. OPTIMIZATION HEURISTIC

In this section, we discuss the use of the SA algo-
rithm [13], [23] to solve the RA problem in VLC systems
as specified in (5). Algorithm 1 shows the structure of the
SA algorithm. The input consists of the solution (A) and four
parameters (T, o, B, and Mp). Ty is the initial temperature,
o represents the cooling rate, B is a constant, and My is the
initial value of the number of iterations in the Metropolis
function. The value of Ty should be sufficiently large and
the actual value is determined by simulations. We should
keep the value of « very close to, but less than, one. The
value of B should be one or slightly higher. The Metropo-
lis function consists of two tasks. The first task is to call
a neighbor function that creates a new solution from the
existing one. The second task is to accept or reject the new
solution based on its objective function value and current
value of the temperature (7'). In the main loop of the SA
algorithm, the temperature (7") decreases with iterations and
the number of iterations in the Metropolis function (M)
could either increase or remain constant. The probability of
acceptance of bad moves decreases with decreasing the value
of T.

Algorithm 2 outlines the Metropolis function which
evolves new solutions in the SA algorithm. The most critical
component of the Metropolis function is the call to Neighbor
function to generate a new solution from the existing one.
If the objective function value of the new solution is better
than the existing one, then we always accept the new solu-
tion. As the pseudo-code shows, we conditionally accept bad
solutions (i.e., solutions which result in a cost lower than
the existing one) by using the following steps: (i) Generate
arandom number between 0 and 1 (random) and compare its
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Input: A, Apesr, T, M
Output: A

1 while M > 0 do

2 Ajnew = Neighbor(A);

3 Tp Zf(A)‘f(Anew);

4 if f(Apew) > f(Apest) then
5 Apest = Apew

6

end
7 if Tp < 0 or random < e*TTD then
8 ‘ A = Apew
9 end
10 M = M-1;
11 end

12 return Apegs;

Algorithm 3 Neighbor Function of the SA Algorithm
Input: A
Output: A

1 A = Make a random change in A;

2 if A has a constraint violation then

3 Build a set E’ that contains all edges of A that does
not satisfy the constraints specified in (6), (7), and
®);

4 Build another set E” such that E” C E’, and contains
at most one edge for each user, i.e., if x = (—, —, ;)
andy = (—, —, uj), then u; # uNx,y € E".;

5 Delete edges {E' — E"'} from A

6 end

7 return A;

. _Tp .. .
value with e~ 7 ; and (ii) Use the results of the comparison to

either accept or reject the new solution.

In the standard SA algorithm, the neighbor function refers
to a small random change in the current solution. As men-
tioned in Section III-A, the current solution A is represented
by a BG. The neighbor function employed in this work has
two steps. The first step is the same as the neighbor function
of the standard SA, and we make a random change in the
current solution. The new solution created in the first step
could be invalid. The second step makes modifications in the
solution that are necessary to make it valid again. Through
simulations, we found out that when the maximum runtime
of the heuristic is restricted by the channel coherence time,
traversing the search space through invalid solutions has no
advantage in both solution quality and runtime. In this work,
we decided to keep the search traverse the positions of only
valid solutions. The BG representation enables us to make a
solution valid by removing the edges that violate any con-
straints.

Algorithm 3 gives an overview of the proposed neighbor
function. In the first line, we create a random change in A,
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FIGURE 6. lllustration of the removal of the violation of constraint.

a random change refers to one of the following actions:
(i) Deletion of an edge which is randomly selected from A;
and (ii) Adding an edge whose starting node is ran-
domly selected from the set of LEDs {ly, [1, ..., [—1}, end-
ing node is randomly selected from the set of subcarriers
{s0, 51, ..., 5k _,}, and label is also randomly selected from
the set of users {ug, uy, ..., uny—1}. The solution A could
become invalid after the random change. We can make the
solution valid by deleting all edges that violate the constraint.
However, deleting all edges that violate any constraint could
result in complete vanishing of some users from the solution.
Therefore, in this work, we propose a simple method to
convert an invalid solution into a valid one while ensuring
that each user remains allocated to at least one subcarrier.
Algorithm 3 iteratively applies three steps to make the solu-
tion valid. The first step is to build a set E’ that contains all
edges of the graph that violate the constraint. The second step
is to build a subset of E’ as E” that contains only one edge
for each group of edges from E’ that share the same label
(or user). The third step is to delete edges from the solution
that exists in E’ but not in E”, i.e., deletion of the edges that
belong to the set {E’ — E”}. The symbol - denotes that the
value of that element is unrelated to the topic in discussion.

In Fig. 6, we show an example of converting an invalid
solution into a valid one by detecting the violations of con-
straints and deleting the edges to satisfy the constraints.
Fig. 6(a) and (b) show a BG that violates the constraint
mentioned in (7) because the nodes /y and /1 have edges with
label ug. The set E’ contains the two edges that violate the
constraint. In Fig. 6(c), we selected one edge for the user ug.
In Fig. 6(d), we deleted an edge which is present in E” but not
in E” to make the solution valid.

Finally, we provide an analysis of the time complexity
of the proposed heuristic. We start our analysis with the
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time complexity of the Neighbor function. In the proposed
heuristic, the solution which is input to the neighbor func-
tion is valid. However, it could become invalid inside the
Neighbor function after the application of the random change.
We observe that a single random change on a valid solution
could affect at most one user by assigning subcarriers of dif-
ferent LEDs to it which is a violation of the constraint in (7).
The first step in the Neighbor is to make a random change in
the solution which has the complexity of O(1). The second
step is to make the solution valid and has three sub-steps.
The first sub-step can be implemented using two two-level
nested loops. The complexity of the first sub-step is equal to
O(K(L + N)). The second step can also be implemented with
a nested loop and has a complexity of O(LK). The third step
can be implemented using a loop and has a complexity of
O(K). The total complexity of the Neighbor function is equal
to O(K(N + L)).

The next important analysis is to estimate the number
of iterations of the SA algorithm. The general termination
criteria of the SA algorithm is the final temperature (75 ). The
initial temperature is Tj, and the temperature is reduced by
an amount of « in each iteration. The value of temperature
in n successive iterations can be expressed with a geomet-
ric progression whose first term is Tp and the n'* term is
a"‘lTo. When n is the last iteration of the SA algorithm,
then the final temperature T} is equal to "~ Ty. The value
of n can be determined as n > % + 1. The main
loop of the SA algorithm calls the Metropolis function which
executes up to M iterations. In the main loop, the value of
M increases by a factor of 8. The value of M is successive
iterations can also be expressed using a geometric progres-
sion {M, M, .., ,3"_1M }. The total number of iterations in
both the main loop and the Metropolis function is equal
to Z?:_ol B'M. Using the sum of the geometric progression
formlnlla, we can reduce the total number iterations into
M (ﬁt; =1 ). Finally, the complexity of the proposed heuristic

-1
becomes equal to O(M 8" K (N + L)).

IV. SIMULATION RESULTS

In our simulation study, we generated a set of fifty test cases
(scenarios) labeled as TS1 to TS50. Table 2 provides the main
characteristics of these test cases in terms of the number of
users, the number of LEDs, the distance between users, and
the dimensions of the rooms, etc. In all test cases, the ceiling
contains the LEDs in the form of a grid with a uniform
distance (/) between adjacent LEDs. The distribution of users
in the room is random with the condition that each user should
have an illumination level of at least 400 1x in accordance with
European standards 1x [24]. As an example, Fig. 7 illustrates
the distribution of LEDs and users in test case TS2. We have
made the test cases publicly available at [25].

In our simulations, we use the specifications of OSRAM
white LEDs (GW KAFHB5.EM) [26] (see Table 3). A suit-
able selection of DC bias is necessary to keep the LED
operate within its dynamic range [27]. For small number of
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when the maximum runtime is up to 1s and the parameter have the
following values: « = 0.97, 8 =1, Ty = 100, My = 6 .

subcarriers or modulation sizes, peak-to-average power ratio
(PAPR) can be kept small [28]. For large values of K, PAPR
reduction techniques can be employed [29], [30] or optimal
selection of DC bias can be performed [31]. All system
parameters used in simulations are listed in Table 3.

We implemented the proposed heuristic in R and C++
using Repp, R version 3.1 and GCC version 6.3.0. We used a
desktop computer with Intel 2.3 GHz processor and 16 GB
of memory. The code does not use multi-threading. The
parameters of heuristic algorithm are chosen as « = 0.95,
To = 100, B = 1, and My = 6. We accounted for the
stochastic nature of the heuristics by executing up to fifty
trials on each test case. As earlier discussed, the coherence
time of the line of sight (LOS) channel indoor VLC systems
with mobile users is in the order of tens of milliseconds [17].
Therefore we set the maximum runtime of the heuristics to
40 ms, 50 ms, 60 ms, 70 ms, and 80 ms. The proposed
heuristic can accommodate mobility of users by determining
solutions within the coherence time of the channel.
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TABLE 2. Descriptions of test cases.

Number Number Separation
Problem of of Distance between users ~ between  Dimensions

users  LEDs LEDs

Uavg Umin Umax 3

() (@) e e ) m?)
TS1 19 18 8393 1.249 17985 3 12x21x2.5
TS2 31 30 9.346  0.778 20.513 3 18x21x2.5
TS3 24 20 8.418 0.77 18.112 3 15x18x2.5
TS4 39 20 8.766 0.886 18.523 3 18x15%x2.5
TS5 11 10 6.565 1.103 12.869 3 9x18x2.5
TS6 10 8 4392 0755 9532 3 15%x9x%2.5
TS7 11 6 3.47 0.858 5766 2 8x6x2.5
TS8 13 12 5.884 0.74 12.876 2 6x14x2.5
TS9 11 8 3781 0.854 8.22 3 15%x9x2.5
TS10 8 6 3.012 1.048 6.631 3 9%12x2.5
TS11 12 12 7.801 1.248 17.009 3 21x9x2.5
TS12 48 24 6.448 0.523 14.846 2 14x10x2.5
TS13 26 15 5541 0.631 12456 2 8x12x2.5
TS14 30 18 7977 0.781 18.166 3 21x12x2.5
TS15 13 8 4471 0.827 9.689 3 15%x9x%2.5
TS16 14 12 6.059 0.778 1292 2 6x14x2.5
TS17 20 10 4.166  0.558 10476 2 6x12x2.5
TS18 14 10 3818 0.92 8571 2 12x6x2.5
TS19 19 15 5.014 0931 10.794 2 12x8x%2.5
TS20 10 8 4424 1455 8479 2 6x10x2.5
TS21 14 12 6.484 0.714 13.07 2 14x6x2.5
TS22 11 6 3409 0813 7465 2 6x8x2.5
TS23 34 18 5437 0529 12372 2 8x14x2.5
TS24 18 12 6.127 0.782 12276 3 12x15%x2.5
TS25 22 18 6.385 0.596 13.708 2 8x14x2.5
TS26 14 10 4786 0.752 9776 2 12x6x2.5
TS27 18 10 4726 0596 10.856 2 6x12x2.5
TS28 15 10 5.168 0.558 11.326 2 6x12x2.5
TS29 48 24 9 0.767 20.621 3 21x15%x2.5
TS30 22 12 4907 0.582 13.549 2 14x6x2.5
TS31 60 30 7.129 0514 16.608 2 12x14x2.5
TS32 14 8 4.757 0.821 10.707 3 9x15x%x2.5
TS33 15 12 6.025 0906 11.732 3 12x15%x2.5
TS34 12 12 7.714 0911 16.262 3 9x21x2.5
TS35 15 10 4709 0513 9.607 2 12x6x%2.5
TS36 12 10 4811 1.156 10.531 2 6x12x2.5
TS37 7 6 3755  1.31 6281 3 12x9x2.5
TS38 36 24 6.097 0.697 14.382 2 10x14x2.5
TS39 24 18 5.948 0.521 14434 2 14x8x%2.5
TS40 10 10 5.128 1.194 10234 3 9% 18x2.5
TS41 14 10 4.846 0.758 11.499 3 18x9x2.5
TS42 36 18 7.33 0.773 17.867 3 21x12x2.5
TS43 38 20 7.817 0.786 17.243 3 18x15%x2.5
TS44 41 24 9.399 0.968 21.396 3 21x15%x2.5
TS45 25 20 8.176 0953 16487 3 15x18x2.5
TS46 22 15 7.073 0.887 15.605 3 18x12x2.5
TS47 37 24 6.708 0.523 16.646 2 10x14x2.5
TS48 11 6 3456  0.729 6.35 2 6x8x2.5
TS49 25 24 6.528 0.794 13.846 2 14x10x2.5
TS50 20 10 4931 0.536 11485 2 12x6x%2.5

Initially, we conducted simulations using the test case
TS4 to illustrate that the proposed SA heuristic performs
better than conventional SA. In the conventional SA (std-SA)
[13], the neighbor function is a single random change in the
solution. The comparison with SA gives us information about
the benefit of using the proposed novel neighbor function
over the standard neighbor function. Figs. 8 and 9 show
the optimization curves of the conventional and proposed
SA heuristics when the runtime is 1s and 80ms, respectively.
The curves show that both heuristics benefit from the runtime.
However, the use of the new neighbor function enables the
proposed heuristic to find much better solutions as compared
to the standard SA.

For each test case, we solved the problem up to 50 times,
and the following analysis uses the average value of
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TABLE 3. System parameters.

Characteristic Symbol Value
Optical power of each
LED P, 10.4 W [26]
Semiangle at half illumi- °
nation of the LEDs $172 60°126]
Maximum luminous inten-
sity of LEDs Io 494 cd [26]
Elec_trlcal to optical con- L 3.2 [26]
version efficiency
FOV of the PDs e 85° [16], [24]
Area of the PD Ap 1 cm? [16], [32]
Optl.cal to e.lectrlcal con- 0.53 A/W [8]
version efficiency
Noise power spectral den- N, 1 x 10712 A%/Hz [16],
: 0
sity [32]
Refractive index 1.5 [33], [8]
Gain of optical filter Ts(y) 1.0
Number of subcarriers K 16
. Poison distribution with
Required data rates R mean 10 Mbps
04
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FIGURE 9. Optimization curves of the proposed and std-SA heuristics

when the maximum runtime is up to 80ms

following values: « = 0.95, 8 = 1, Ty = 100,

and the parameter have the

FIGURE 10. The number of test cases that achieve different solution
qualities at different runtimes with 95% confidence level.

the trials. Complete results of our simulations can be found
in the Appendix. In Fig. 10, we classified the test cases into
different groups of solution quality using a 95% confidence
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FIGURE 11. Relationship of the solution quality with the number of users

and LEDs in the test case when the runtime is 80 ms.

FIGURE 12. The percentage deviation between the mean values of the
proposed heuristic with that of the other heuristics when the runtime
is 40 ms.

FIGURE 13. The percentage deviation between the mean values of the
proposed heuristic with that of the other heuristics when the runtime
is 80 ms.

level. In the classification, we assumed that the lower part
of the confidence interval lies within the specified solution
quality group. Fig. 10 shows the number of test cases belongs
to different groups of the solution quality when the runtime
of the heuristic lies from 40 ms to 80 ms. Fig. 10 shows
that at any runtime, the group in which the solutions have
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TABLE 4. A comparison of the solution quality of the proposed heuristic with existing heuristics using the Wilcoxon rank-sum test.

Runtime (ms) 1G PSO std-SA TS
Better | Equal | Inferior Better | Equal | Inferior Better | Equal | Inferior | Better | Equal | Inferior
40 39 5 6 47 3 0 39 2 9 47 3 0
50 37 8 5 47 3 0 35 4 11 44 5 1
60 37 6 7 46 4 0 33 5 12 44 4 2
70 37 7 6 46 4 0 31 5 14 42 5 3
80 37 8 5 46 4 0 29 2 19 40 6 4
TABLE 5. Solution quality of the solutions when the heuristics executed for up to 40 ms.
Problem | N L Ummin Proposed Std-SA 1G PSO TS
TS1 19 | 18 | 8393 | 0.059 (£0.054) | 0.002 (£0.007) | 0.051 (£0.022) -379.881 (£490.3 0.002(£0.007)
TS2 31 | 30 | 9.346 | 0.015(%0.016) | 0.001 (£0.003) | 0.009 (£0.012) -1659.937 (+£4211.773 0.001(+£0.003)
TS3 24 | 20 | 8.418 | 0.221 (£0.078) 0.016 (£0.02) 0.066 (£0.034) -879.909 (£1334.62 0.016(£0.02)
TS4 39 | 20 | 8766 | 0.239 (4£0.049) | 0.056 (£0.017) 0.22 (£0.037) -2339.947 (£2882.809 0.056(40.017)
TS5 11 | 10 | 6.565 | 0.234 (£0.134) | 0.149 (£0.141) 0.091 (£0) -419.759 (£672.759 0.149(£0.141)
TS6 10 8 4.392 | 0.669 (£0.103) | 0.712 (£0.134) | 0.532 (£0.059) -899.675 (£814.394 0.712(£0.134)
TS7 11 6 3.47 0.799 (£0.105) | 0.908 (£0.041) | 0.788 (£0.104) -779.658 (£763.705 0.908(40.041)
TS8 13 | 12 | 5.884 | 0.46 (£0.125) 0.27 (£0.081) 0.243 (£0.033) -499.783 (£707.099 0.27(£0.081)
TS9 11 8 3.781 | 0.567 (£0.138) 0.58 (£0.144) 0.568 (£0.122) -379.733 (£635.313 0.58(£0.144)
TS10 8 6 3.012 | 0.656 (£0.113) | 0.785 (£0.055) | 0.583 (£0.055) -659.621 (£772.205 0.785(£0.055)
TS11 12 | 12 | 7.801 | 0.092 (£0.059) | 0.115 (£0.055) 0.083 (£0) -699.792 (+814.388 0.115(£0.055)
TS12 48 | 24 | 6.448 | 0.118(£0.036) | 0.023 (£0.013) | 0.176 (£0.033) -3859.947 (£6187.582 0.023(40.013)
TS13 26 | 15 | 5.541 | 0.394 (£0.084) | 0.047 (£0.034) | 0.329 (£0.065) -899.907 (£1129.389 0.047(£0.034)
TS14 30 | 18 | 7.977 | 0.319(%0.058) | 0.064 (+0.025) 0.241 (£0.05) -799.925 (£1399.705 0.064(£0.025)
TS15 13 8 4471 | 0.664 (£0.117) | 0.628 (£0.146) | 0.535 (£0.074) -739.732 (£803.286 0.628(40.146)
TS16 14 | 12 | 6.059 | 0.491 (£0.102) 0.225 (£0.09) 0.307 (£0.05) -879.789 (£772.995 0.225(£0.09)
TS17 20 | 10 | 4.166 | 0.654 (£0.072) | 0.286 (£0.101) | 0.725 (£0.054) -699.833 (£886.403 0.286(£0.101)
TS18 14 | 10 | 3.818 | 0.631 (£0.113) | 0.525(40.103) 0.55 (£0.066) -359.776 (£631.15 0.525(40.103)
TS19 19 | 15 | 5.014 | 0.483(£0.097) | 0.153 (£0.042) | 0.314 (£0.048) -759.87 (£822.137 0.153(£0.042)
TS20 10 8 4424 | 0.647 (£0.108) | 0.803 (£0.124) | 0.386 (£0.031) -739.664 (£803.311 0.803(£0.124)
TS21 14 | 12 | 6.484 | 0.588 (£0.086) 0.353 (£0.06) 0.484 (£0.057) -399.8 (£699.838 0.353(40.06)
TS22 11 6 3.409 | 0.808 (£0.115) | 0.931 (£0.045) 0.694 (£0.1) -539.642 (£676.43 0.931(£0.045)
TS23 34 | 18 | 5.437 | 0.268 (£0.063) | 0.029 (£0.019) 0.22 (£0.047) -939.923 (£1405.678 0.029(£0.019)
TS24 18 | 12 | 6.127 | 0.567 (£0.101) 0.22 (£0.066) 0.481 (£0.07) -459.847 (£705.935 0.22(£0.066)
TS25 22 | 18 | 6.385 | 0.343 (£0.055) | 0.152 (£0.031) | 0.203 (£0.031) -819.89 (£1100.839 0.152(£0.031)
TS26 14 | 10 | 4.786 | 0.525(=%0.124) 0.31 (£0.125) 0.324 (£0.066) -759.778 (£870.36 0.31(£0.125)
TS27 18 | 10 | 4.726 | 0.689 (£0.084) | 0.346 (£0.113) | 0.629 (£0.089) -679.824 (£819.154 0.346(£0.113)
TS28 15 | 10 | 5.168 | 0.661 (+0.087) | 0.443 (£0.101) | 0.437 (£0.091) -559.798 (£812.15 0.443(£0.101)
TS29 48 | 24 9 0.106 (£0.032) | 0.013 (£0.014) | 0.173 (£0.026) -4559.956 (£7315.508 0.013(£0.014)
TS30 22 | 12 | 4907 | 0.544 (£0.066) 0.15 (£0.054) 0.427 (£0.065) -639.886 (£721.675 0.15(£0.054)
TS31 60 | 30 | 7.129 0.07 (£0.02) 0.022 (£0.009) | 0.106 (£0.019) | -8019.963 (£12891.208 | 0.022(£0.009)
TS32 14 8 4757 | 0.742 (£0.085) 0.611 (£0.14) 0.638 (£0.084) -639.755 (£776.16 0.611(£0.14)
TS33 15 | 12 | 6.025 0.57 (£0.099) 0.246 (£0.068) 0.3 (£0.044) -1019.802 (£769.019 0.246(£0.068)
TS34 12 | 12 | 7.714 | 0.542(%0.072) | 0.444 (£0.049) 0.417 (£0) -879.798 (£772.983 0.444(£0.049)
TS35 15 | 10 | 4709 | 0.555(%0.119) | 0.308 (£0.126) | 0.452 (£0.072) -319.816 (£652.769 0.308(40.126)
TS36 12 | 10 | 4.811 | 0.603 (£0.115) | 0.518 (£0.113) 0.332 (£0.05) -719.735 (£756.996 0.518(£0.113)
TS37 7 6 3.755 | 0.516 (£0.135) | 0.916 (£0.091) | 0.303 (£0.069) -659.545 (£626.297 0.916(40.091)
TS38 36 | 24 | 6.097 | 0.183(£0.039) 0.05 (£0.019) 0.188 (£0.027) -2459.935 (£3845.008 0.05(£0.019)
TS39 24 | 18 | 5.948 0.317 (£0.08) 0.042 (£0.037) | 0.168 (0.038) -1019.908 (£936.568 0.042(£0.037)
TS40 10 | 10 | 5.128 | 0.205 (£0.186) | 0.343 (£0.125) | 0.102 (£0.007) -419.732 (£672.761 0.343(£0.125)
TS41 14 | 10 | 4.846 | 0.551 (%£0.101) | 0.305 (£0.116) 0.379 (£0.06) -459.77 (£676.406 0.305(£0.116)
TS42 36 | 18 7.33 0.304 (£0.065) | 0.053 (£0.018) | 0.263 (£0.037) -1999.932 (4-4430.866 0.053(£0.018)
TS43 38 | 20 | 7.817 | 0.201 (£0.053) | 0.039 (£0.015) | 0.128 (£0.029) -1939.944 (£3253.941 0.039(£0.015)
TS44 41 | 24 | 9.399 | 0.132(£0.042) | 0.029 (£0.015) | 0.162 (£0.023) -3699.951 (£6434.119 0.029(£0.015)
TS45 25 | 20 | 8.176 | 0.174 (£0.053) 0.05 (£0.018) 0.121 (£0.035) -1139.911 (41309.462 0.05(£0.018)
TS46 22 | 15 | 7.073 | 0.424 (£0.089) | 0.043 (£0.037) | 0.211 (£0.054) -539.892 (£734.285 0.043(40.037)
TS47 37 | 24 | 6.708 0.12 (£0.043) 0.014 (£0.014) | 0.101 (£0.023) -3519.936 (£5127.918 0.014(£0.014)
TS48 11 6 3.456 | 0.737 (£0.107) | 0.904 (£0.055) | 0.859 (£0.078) -879.703 (£689.242 0.904(£0.055)
TS49 25 | 24 | 6.528 | 0.198 (£0.052) | 0.111 (£0.018) | 0.121 (£0.006) -1119.925 (£1836.595 0.111(£0.018)
TS50 20 | 10 | 4931 | 0.611(£0.083) | 0.252 (£0.096) | 0.566 (£0.055) -639.844 (+802.037 0.252(£0.096)

quality between 0.5-0.7 have the maximum number of test
cases. The histogram also indicates that the size of the
group 0-0.3 decreases with the increase in the runtime.
It means that with the increase in runtime, the solution quality

also improves.
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Fig. 11 shows with the help of a regression plane the
relationship of the solution quality on the number of users (V)
and the number of LEDs (L) present in the room. From the
figure it can be seen that the problems that have a smaller
number of users and LEDs converge to good quality solutions
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TABLE 6. Solution quality of the solutions when the heuristics executed for up to 50 ms.

Problem | N L Umin Proposed Std-SA 1G PSO TS

TS1 19 | 18 | 8.393 | 0.061 (£0.059) | 0.008 (£0.015) | 0.055 (£0.021) -299.887 (£580.268 0.008(£0.015)
TS2 31 | 30 | 9.346 0.02 (£0.019) 0.003 (£0.007) | 0.007 (£0.013) -979.941 (£2094.599 0.003(40.007)
TS3 24 | 20 | 8.418 | 0.282(£0.074) | 0.018 (£0.021) | 0.077 (£0.038) | -1159.905 (+1543.371 | 0.018(%0.021)
TS4 39 | 20 | 8.766 | 0.279 (£0.057) 0.06 (0.024) 0.241 (£0.037) | -1479.947 (£2612.684 0.06(£0.024)
TS5 11 | 10 | 6.565 | 0.218 (£0.107) | 0.239 (40.142) | 0.093 (£0.013) -599.731 (£755.885 0.239(40.142)
TS6 10 8 4.392 | 0.663 (£0.112) | 0.811 (£0.111) | 0.549 (£0.068) -839.689 (£765.559 0.811(£0.111)
TS7 11 6 3.47 0.796 (£0.091) 0.92 (£0.041) 0.789 (£0.107) -819.658 (£690.743 0.92(£0.041)
TS8 13 | 12 | 5.884 | 0.443 (£0.148) | 0.348 (4+0.101) 0.253 (£0.03) -659.793 (£772.211 0.348(40.101)
TS9 11 8 3.781 | 0.588 (£0.149) | 0.675 (£0.092) 0.57 (£0.113) -359.729 (£631.139 0.675(£0.092)
TS10 8 6 3.012 | 0.646 (40.098) | 0.808 (£0.054) | 0.597 (£0.052) -619.629 (£567.48 0.808(40.054)
TSI11 12 | 12 | 7.801 0.09 (4:0.047) 0.147 (£0.101) 0.083 (£0) -599.798 (4-728.401 0.147(£0.101)
TS12 48 | 24 | 6.448 | 0.147 (£0.047) | 0.029 (£0.014) | 0.201 (£0.031) -2579.95 (£5678.787 0.029(£0.014)
TS13 26 | 15 | 5.541 | 0.426 (£0.085) 0.065 (£0.03) 0.385 (£0.067) -839.904 (£1094.704 0.065(£0.03)
TS14 30 | 18 | 7.977 | 0.365(%0.055) | 0.071(£0.033) | 0.268 (£0.066) -699.927 (+1147.316 | 0.071(40.033)
TS15 13 8 4471 | 0.686 (£0.116) | 0.775 (£0.114) | 0.527 (£0.085) -639.734 (£721.645 0.775(£0.114)
TS16 14 | 12 | 6.059 0.515 (£0.11) 0.302 (£0.109) | 0.332 (£0.058) -579.803 (£702.467 0.302(40.109)
TS17 20 | 10 | 4.166 | 0.682 (£0.072) 0.361 (£0.1) 0.734 (£0.048) -339.83 (4£626.306 0.361(£0.1)

TS18 14 | 10 | 3.818 | 0.629 (£0.135) 0.605 (£0.1) 0.547 (£0.082) -319.787 (£586.929 0.605(£0.1)

TS19 19 | 15 | 5.014 | 0.466 (£0.073) 0.168 (+0.05) 0.303 (£0.046) -959.861 (4+902.598 0.168(+0.05)
TS20 10 8 4424 | 0.619 (£0.122) | 0.873 (£0.078) | 0.401 (£0.038) -459.629 (£676.432 0.873(£0.078)
TS21 14 | 12 | 6.484 | 0.589 (£0.076) | 0.393 (£0.074) | 0.487 (£0.053) -499.793 (£814.395 0.393(40.074)
TS22 11 6 3.409 | 0.784 (£0.115) | 0.941 (£0.041) | 0.739 (+0.128) -459.646 (+676.427 0.941(40.041)
TS23 34 | 18 | 5.437 | 0.308 (£0.073) | 0.028 (£0.027) | 0.239 (£0.056) -779.919 (£1200.177 0.028(+0.027)
TS24 18 | 12 | 6.127 | 0.596 (£0.097) | 0.244 (£0.075) | 0.526 (£0.071) -499.851 (£788.935 0.244(40.075)
TS25 22 | 18 | 6.385 | 0.392 (£0.083) | 0.161 (£0.026) | 0.226 (4-0.043) -579.886 (4+758.357 0.161(£0.026)
TS26 14 | 10 | 4.786 | 0.544 (£0.133) 0.427 (£0.15) 0.319 (£0.042) -419.772 (£702.456 0.427(£0.15)
TS27 18 | 10 | 4.726 | 0.727 (£0.096) | 0.421 (4£0.129) | 0.658 (£0.081) -759.827 (£822.138 0.421(40.129)
TS28 15 | 10 | 5.168 0.673 (£0.1) 0.55 (£0.116) 0.451 (£0.083) -499.804 (+677.635 0.55(%0.116)
TS29 48 | 24 9 0.142 (£0.043) | 0.015(%0.017) | 0.191 (£0.033) | -3179.952 (£7032.543 | 0.015(%0.017)
TS30 22 | 12 | 4907 | 0.574 (£0.075) | 0.192 (£0.066) | 0.457 (£0.079) -419.89 (£574.633 0.192(40.066)
TS31 60 | 30 | 7.129 | 0.076 (£0.022) 0.023 (0.01) 0.109 (£0.023) | -3959.964 (£8121.426 0.023(£0.01)
TS32 14 8 4.757 | 0.711 (£0.115) | 0.714 (£0.127) | 0.691 (£0.092) -679.745 (£767.688 0.714(£0.127)
TS33 15 | 12 | 6.025 | 0.586 (£0.083) | 0.307 (£0.095) | 0.308 (£0.051) -619.809 (£696.615 0.307(40.095)
TS34 12 | 12 | 7.714 | 0.559 (£0.087) | 0.442 (£0.052) 0.417 (£0) -599.807 (£728.399 0.442(£0.052)
TS35 15 | 10 | 4.709 0.573 (£0.12) 0.458 (£0.146) | 0.488 (+0.076) -539.815 (£761.564 0.458(40.146)
TS36 12 | 10 | 4.811 0.623 (£0.11) 0.678 (£0.145) | 0.348 (4-0.063) -559.716 (4£704.498 0.678(£0.145)
TS37 7 6 3.755 | 0.473 (£0.126) | 0.944 (£0.048) | 0.303 (£0.045) -759.536 (£715.978 0.944(40.048)
TS38 36 | 24 | 6.097 | 0.213 (4£0.046) | 0.057 (£0.015) | 0.197 (£0.026) | -2559.941 (£3296.014 | 0.057(£0.015)
TS39 24 | 18 | 5948 | 0.364 (£0.083) | 0.043 (£0.031) | 0.194 (40.046) -619.896 (4+830.303 0.043(£0.031)
TS40 10 | 10 | 5.128 | 0.184 (£0.133) 0.52 (£0.196) 0.102 (£0.008) -319.696 (£620.697 0.52(£0.196)
TS41 14 | 10 | 4.846 | 0.534 (£0.095) | 0.449 (40.128) | 0.393 (£0.068) -559.764 (+732.874 0.449(40.128)
TS42 36 | 18 7.33 0.368 (£0.063) 0.06 (40.024) 0.299 (£0.053) -879.929 (4+-1858.673 0.06(%0.024)
TS43 38 | 20 | 7.817 | 0.236 (£0.057) | 0.043 (£0.015) | 0.157 (£0.042) -819.947 (£1240.308 0.043(£0.015)
TS44 41 | 24 | 9.399 | 0.165(£0.053) | 0.028 (£0.017) | 0.161 (4£0.028) | -3599.949 (+5921.244 | 0.028(40.017)
TS45 25 | 20 | 8.176 | 0.205(x£0.072) | 0.057 (£0.028) | 0.153 (£0.046) -1059.91 (£2113.207 0.057(£0.028)
TS46 22 | 15 | 7.073 | 0.452(%0.087) | 0.061 (£0.049) | 0.259 (£0.052) -639.883 (£692.803 0.061(40.049)
TS47 37 | 24 | 6.708 | 0.144 (£0.044) | 0.012 (£0.013) | 0.116 (£0.028) | -1419.939 (£2186.135 | 0.012(£0.013)
TS48 11 6 3.456 | 0.721 (£0.112) | 0.926 (£0.047) | 0.883 (£0.051) -819.683 (£719.682 0.926(£0.047)
TS49 25 | 24 | 6.528 | 0.218(£0.048) | 0.119 (£0.017) | 0.123 (£0.006) -659.916 (£1099.355 0.119(£0.017)
TS50 20 | 10 | 4931 | 0.656 (£0.071) | 0.333 (£0.112) | 0.623 (4-0.065) -259.841 (4£527.219 0.333(£0.112)

given a limitation on the maximum runtime (80 ms). From the
figure we can also determine the actual values of the number
of users and LEDs present in the test cases that converged
to different solution qualities such as the following: The
test cases that converged to solution quality better than 0.7
have the number of users between 11-20, and the number of
LEDs between 6-10. The test cases that have solution quality
between 0.5 to 0.7 have the number of users and LEDs lie
in the range from 7-22 and 6-15, respectively. The group of
test cases that have solution quality between 0.3 to 0.5 has
the number of users and number of LEDs between 13-29
and 12-20, respectively.

We further compared our heuristic with four other heuris-
tics. The first is the std-SA [13]. The second is the
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IG heuristic [13], which is a competitor for SA because of
its quick convergence and simple design that closely matches
with that of the SA. The third is PSO for the RA problem
as proposed by Demir et al. [16]. The fourth is the standard
TS algorithm [13]. We implemented the std-SA and IG using
the C++ programming language and executed them on the
same platform as the proposed heuristic. The IG heuristic
consists of the following steps: (i) a random initialization of
the solution; and (ii) an optimization loop that is sub-divided
into the following: (a) the destruction of the current solution
and (b) the greedy construction of the current solution. The
destruction step deletes up to 10% of the elements of the
current solution. The greedy construction step finds the best
value for each element that was deleted in the destruction
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TABLE 7. Solution quality of the solutions when the heuristics executed for up to 60 ms.

Problem | N L Umin Proposed Std-SA 1G PSO TS
TS1 19 | 18 | 8.393 | 0.089 (£0.076) | 0.008 (£0.017) | 0.059 (£0.024) -279.89 (£496.502 0.008(£0.017)
TS2 31 | 30 | 9.346 | 0.032(40.031) | 0.001 (£0.005) | 0.009 (+0.013) -959.934 (£3410.415 0.001(40.005)
TS3 24 | 20 | 8.418 | 0.307 (£0.074) | 0.027 (£0.024) | 0.112 (40.026) -499.909 (4+707.096 0.027(£0.024)
TS4 39 | 20 | 8.766 0.31 (££0.055) 0.064 (£0.022) | 0.239 (£0.046) -1299.95 (£2101.991 0.064(£0.022)
TS5 11 | 10 | 6.565 0.218 (£0.13) 0.231 (£0.131) 0.091 (£0) -579.72 (£810.346 0.231(40.131)
TS6 10 8 4.392 | 0.658 (£0.093) | 0.823 (£0.112) | 0.529 (£0.075) -919.695 (£751.578 0.823(£0.112)
TS7 11 6 3.47 0.775 (£0.098) | 0.908 (£0.045) | 0.809 (£0.102) -579.661 (£609.127 0.908(40.045)
TS8 13 | 12 | 5.884 0.449 (£0.12) 0.366 (+0.11) 0.261 (£0.038) -579.787 (+784.79 0.366(+0.11)
TS9 11 8 3.781 | 0.596 (40.144) 0.71 (£0.115) 0.634 (£0.137) -539.702 (£645.513 0.71(£0.115)
TS10 8 6 3.012 | 0.681 (40.114) 0.81 (£0.063) 0.601 (£0.049) -559.622 (+674.889 0.81(£0.063)
TSI11 12 | 12 | 7.801 | 0.085(£0.012) | 0.161 (£0.095) 0.083 (£0) -499.793 (+677.606 0.161(£0.095)
TS12 48 | 24 | 6.448 0.17 (££0.038) 0.026 (£0.015) | 0.223 (£0.037) | -2999.942 (£6565.216 | 0.026(£0.015)
TS13 26 | 15 | 5.541 | 0.448 (£0.095) 0.07 (£0.043) 0.422 (£0.072) -799.9 (£699.855 0.07(£0.043)
TS14 30 | 18 | 7.977 | 0.394 (£0.065) | 0.069 (40.026) | 0.296 (£0.058) -939.928 (£1633.944 | 0.069(40.026)
TS15 13 8 4471 0.664 (£0.11) 0.76 (£0.098) 0.542 (£0.098) -539.722 (£761.55 0.76(£0.098)
TS16 14 | 12 | 6.059 | 0.489 (£0.102) | 0.308 (£0.117) | 0.345 (£0.064) -659.783 (£798.208 0.308(40.117)
TS17 20 | 10 | 4.166 | 0.701 (£0.069) | 0.411 (£0.107) | 0.743 (4-0.059) -559.832 (4+760.232 0.411(£0.107)
TS18 14 | 10 | 3.818 | 0.638 (£0.109) | 0.622 (£0.088) | 0.589 (£0.085) -459.783 (£705.946 0.622(40.088)
TS19 19 | 15 | 5.014 | 0.497 (£0.102) | 0.177 (40.046) 0.325 (£0.04) -859.87 (£728.716 0.177(40.046)
TS20 10 8 4.424 0.629 (£0.13) 0.876 (£0.117) | 0.401 (£0.026) -579.642 (£758.341 0.876(£0.117)
TS21 14 | 12 | 6.484 | 0.588 (£0.097) | 0.413 (£0.088) | 0.491 (£0.063) -399.778 (£728.417 0.413(40.088)
TS22 11 6 3.409 | 0.758 (£0.137) | 0.943 (£0.044) 0.75 (+0.1) -459.653 (+645.54 0.943(40.044)
TS23 34 | 18 | 5.437 | 0.354 (£0.072) | 0.039 (£0.025) 0.268 (£0.05) -519.914 (£886.185 0.039(£0.025)
TS24 18 | 12 | 6.127 | 0.611 (£0.095) 0.29 (£0.091) 0.566 (£0.074) -579.855 (£702.453 0.29(£0.091)
TS25 22 | 18 | 6.385 | 0.413 (£0.067) | 0.155(=%0.024) | 0.244 (4-0.038) -759.885 (+938.088 0.155(£0.024)
TS26 14 | 10 | 4.786 | 0.543 (£0.129) | 0.477 (£0.161) | 0.371 (£0.087) -439.772 (£643.968 0.477(£0.161)
TS27 18 | 10 | 4.726 | 0.656 (£0.106) 0.435 (£0.14) 0.693 (£0.093) -639.827 (£749.428 0.435(40.14)
TS28 15 | 10 | 5.168 | 0.674 (£0.092) 0.56 (£0.105) 0.468 (£0.095) -559.805 (4+732.897 0.56(%0.105)
TS29 48 | 24 9 0.161 (£0.038) | 0.021 (£0.019) | 0.201 (£0.029) | -1999.956 (+5038.622 | 0.021(%0.019)
TS30 22 | 12 | 4907 | 0.613 (£0.068) 0.21 (£0.065) 0.476 (£0.061) -599.88 (£728.43 0.21(£0.065)
TS31 60 | 30 | 7.129 0.09 (£0.024) 0.024 (£0.011) | 0.108 (£0.018) | -4059.964 (£9049.547 | 0.024(£0.011)
TS32 14 8 4.757 | 0.716 (£0.093) | 0.749 (£0.125) | 0.677 (£0.085) -919.749 (£853.298 0.749(£0.125)
TS33 15 | 12 | 6.025 0.578 (£0.1) 0.305 (£0.095) | 0.321 (4+0.033) -699.804 (+762.628 0.305(40.095)
TS34 12 | 12 | 7.714 | 0.551 (£0.089) | 0.458 (£0.054) 0.417 (£0) -519.813 (£677.305 0.458(£0.054)
TS35 15 | 10 | 4.709 | 0.556 (£0.121) | 0.526 (£0.115) | 0.529 (£0.077) -539.802 (£787.905 0.526(40.115)
TS36 12 | 10 | 4.811 | 0.575(£0.093) | 0.653 (£0.131) | 0.356 (4-0.066) -559.726 (4-732.883 0.653(£0.131)
TS37 7 6 3.755 | 0.508 (£0.137) | 0.945 (£0.058) | 0.301 (£0.044) -899.522 (£677.62 0.945(£0.058)
TS38 36 | 24 | 6.097 | 0.233 (40.046) 0.057 (£0.02) 0.201 (£0.027) | -1979.941 (£4363.536 0.057(£0.02)
TS39 24 | 18 | 5.948 0.381 (£0.08) 0.038 (+0.03) 0.224 (£0.043) -659.895 (+772.229 0.038(£0.03)
TS40 10 | 10 | 5.128 | 0.216 (£0.168) | 0.517 (£0.186) | 0.103 (£0.009) -459.69 (£676.381 0.517(£0.186)
TS41 14 | 10 | 4.846 0.54 (£0.124) 0.458 (£0.141) 0.39 (£0.045) -579.756 (£810.355 0.458(40.141)
TS42 36 | 18 7.33 0.381 (£0.052) | 0.067 (£0.031) | 0.308 (4-0.052) -679.931 (+1719.52 0.067(£0.031)
TS43 38 | 20 | 7.817 | 0.275(40.048) | 0.043 (£0.015) | 0.194 (£0.046) -1699.94 (£2426.462 | 0.043(%0.015)
TS44 41 | 24 | 9.399 0.19 (1£0.049) 0.035 (£0.018) 0.17 (£0.024) -1739.949 (£4236.91 0.035(40.018)
TS45 25 | 20 | 8.176 0.22 (0.077) 0.057 (£0.024) 0.166 (£0.03) -939.905 (£1683.167 0.057(£0.024)
TS46 22 | 15 | 7.073 | 0.462 (£0.082) 0.06 (£0.042) 0.282 (£0.057) -719.885 (£881.545 0.06(£0.042)
TS47 37 | 24 | 6.708 | 0.188 (+0.053) | 0.014 (£0.016) 0.126 (£0.03) -1499.943 (+2764.575 | 0.014(40.016)
TS48 11 6 3.456 | 0.705 (£0.105) | 0.908 (£0.047) | 0.875 (%£0.075) -739.692 (£723.081 0.908(£0.047)
TS49 25 | 24 | 6.528 | 0.235(%0.071) | 0.121 (£0.017) | 0.122 (£0.006) -819.916 (£1599.625 0.121(40.017)
TS50 20 | 10 | 4.931 0.718 (£0.08) 0.341 (£0.127) | 0.663 (40.052) -399.842 (4+-638.887 0.341(£0.127)

step. We obtained the MATLAB code of PSO from its authors
and converted it into C4+-. The C+4+ code yields the same
solution quality as the MATLAB code but has an additional
advantage that we can use it for comparing the execution time.
In the TS heuristic, we generated up to 1000 random neigh-
boring solutions of the current solution and selected the best
from among them. We defined neighbor solutions as those
that differ from each other by only one element. The new
solution will replace the current solution if it is better than
the current solution (which is the aspiration criterion) or if it
does not exist in the Tabu list. The size of the Tabu list was
considered equal to 10. In all test cases, the number of trials
per problem was equal to fifty.
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The tables in the Appendix also contain the results of the
heuristics mentioned above. We used the Wilcoxon rank sum
test (with a significance level equal to 0.05) to compare the
proposed heuristic with the existing ones [35]. Table 4 shows
the number of test cases in which the results of the proposed
heuristic are significantly better than, equal to, or inferior
to the existing heuristics according to the Wilcoxon rank
sum test. In the table, the first column provides the maxi-
mum allowed runtime and the remaining columns provide
the number of test cases in which the proposed heuristic
returns a solution which is better, equal or inferior to the
heuristic indicated in the heading of the column. The first
row of data in the table shows that the when the maximum
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TABLE 8. Solution quality of the solutions when the heuristics executed for up to 70 ms.

Problem | N L Umin Proposed Std-SA 1G PSO TS

TS1 19 | 18 | 8.393 | 0.104 (£0.085) | 0.006 (£0.015) 0.06 (£0.031) -319.882 (£586.92 0.006(£0.015)
TS2 31 | 30 | 9.346 | 0.028 (£0.025) | 0.002 (£0.006) | 0.015 (£0.015) -1579.94 (£2330.719 0.002(40.006)
TS3 24 | 20 | 8.418 | 0.308 (£0.076) 0.023 (+0.02) 0.11 (0.035) -939.905 (41788.966 0.023(£0.02)
TS4 39 | 20 | 8.766 | 0.327 (£0.044) | 0.065 (£0.024) | 0.255(%0.048) | -1159.946 (£2765.381 | 0.065(£0.024)
TS5 11 | 10 | 6.565 0.158 (£0.09) 0.291 (£0.198) 0.091 (£0) -339.741 (£592.773 0.291(40.198)
TS6 10 8 4.392 | 0.687 (£0.108) 0.862 (%£0.09) 0.57 (£0.058) -679.66 (£793.844 0.862(£0.09)
TS7 11 6 3.47 0.811 (£0.112) | 0.917 (£0.045) | 0.807 (£0.098) -599.655 (£638.891 0.917(40.045)
TS8 13 | 12 | 5.884 0.45 (+0.141) 0.434 (£0.129) | 0.266 (+0.032) -439.792 (4+704.489 0.434(40.129)
TS9 11 8 3.781 | 0.577 (£0.152) | 0.754 (£0.101) | 0.685 (£0.103) -539.703 (£787.879 0.754(£0.101)
TS10 8 6 3.012 | 0.636 (40.083) | 0.812 (£0.055) | 0.587 (£0.057) -499.621 (£580.27 0.812(40.055)
TSI11 12 | 12 | 7.801 | 0.093 (£0.057) | 0.189 (£0.123) 0.083 (£0) -359.776 (+692.783 0.189(£0.123)
TS12 48 | 24 | 6.448 | 0.203 (£0.039) | 0.029 (£0.019) | 0.244 (£0.038) -1519.945 (£3477.28 0.029(£0.019)
TS13 26 | 15 | 5.541 | 0.485(%0.081) | 0.064 (£0.035) 0.451 (£0.06) -439.892 (£674.915 0.064(40.035)
TS14 30 | 18 | 7.977 | 0.438 (£0.068) 0.073 (£0.03) 0.327 (£0.052) -579.921 (4+949.537 0.073(£0.03)
TS15 13 8 4471 | 0.701 (£0.115) 0.825 (£0.1) 0.542 (£0.084) -419.742 (£672.766 0.825(£0.1)

TS16 14 | 12 | 6.059 | 0.504 (£0.111) | 0.361 (£0.132) | 0.366 (£0.066) -499.782 (£735.392 0.361(40.132)
TS17 20 | 10 | 4.166 | 0.716 (£0.059) | 0.459 (£0.094) | 0.771 (40.044) -599.827 (+782.46 0.459(£0.094)
TS18 14 | 10 | 3.818 0.69 (£0.128) 0.681 (£0.083) | 0.575 (£0.076) -479.774 (£735.122 0.681(40.083)
TS19 19 | 15 | 5.014 | 0.512(+0.088) | 0.183 (40.049) | 0.332 (£0.044) -539.854 (4+734.289 0.183(40.049)
TS20 10 8 4.424 0.63 (£0.104) 0.907 (£0.052) | 0.399 (£0.051) -419.666 (£672.788 0.907(£0.052)
TS21 14 | 12 | 6.484 0.6 (£0.099) 0.406 (£0.088) | 0.505 (£0.067) -419.776 (£672.789 0.406(£0.088)
TS22 11 6 3.409 | 0.793 (£0.128) | 0.945 (£0.041) | 0.763 (1+0.085) -439.654 (+643.957 0.945(40.041)
TS23 34 | 18 | 5.437 | 0.374 (£0.061) 0.05 (£0.029) 0.296 (£0.057) -799.914 (£1261.689 0.05(£0.029)
TS24 18 | 12 | 6.127 | 0.593 (£0.089) | 0.329 (4£0.101) | 0.583 (£0.071) -479.848 (£762.361 0.329(40.101)
TS25 22 | 18 | 6.385 0.45 (4£0.076) 0.16 (£0.024) 0.252 (£0.032) -459.887 (+613.124 0.16(%0.024)
TS26 14 | 10 | 4.786 | 0.579 (£0.134) | 0.568 (£0.152) | 0.367 (£0.087) -539.773 (£761.573 0.568(£0.152)
TS27 18 | 10 | 4.726 0.71 (£0.109) 0.569 (£0.105) | 0.704 (£0.057) -679.823 (£740.653 0.569(40.105)
TS28 15 | 10 | 5.168 | 0.703 (£0.101) | 0.627 (£0.108) | 0.493 (4-0.084) -319.794 (+620.737 0.627(£0.108)
TS29 48 | 24 9 0.179 (£0.037) | 0.018 (£0.018) | 0.206 (£0.028) -999.952 (£1628.819 0.018(£0.018)
TS30 22 | 12 | 4907 | 0.623 (£0.075) | 0.234 (£0.095) | 0.516 (£0.064) -379.872 (£602.373 0.234(40.095)
TS31 60 | 30 | 7.129 | 0.093 (£0.021) | 0.024 (£0.011) | 0.105 (£0.024) | -2999.963 (£7151.424 | 0.024(£0.011)
TS32 14 8 4.757 | 0.702 (£0.089) | 0.801 (£0.091) 0.68 (£0.088) -599.741 (£699.835 0.801(£0.091)
TS33 15 | 12 | 6.025 | 0.557 (£0.088) | 0.362 (40.109) | 0.333 (£0.044) -419.805 (+641.722 0.362(40.109)
TS34 12 | 12 | 7.714 0.55 (£0.088) 0.488 (£0.09) 0.417 (£0.002) -439.8 (£643.932 0.488(£0.09)
TS35 15 | 10 | 4709 | 0.565(£0.111) | 0.566 (40.144) | 0.528 (£0.068) -599.803 (£+808.116 0.566(40.144)
TS36 12 | 10 | 4.811 | 0.625(£0.094) | 0.729 (£0.141) | 0.365 (4-0.058) -399.736 (+670.038 0.729(£0.141)
TS37 7 6 3.755 | 0.523 (£0.141) | 0.949 (£0.049) | 0.305 (£0.056) -859.522 (£670.348 0.949(40.049)
TS38 36 | 24 | 6.097 | 0.258 (£0.048) | 0.059 (£0.021) | 0.217 (£0.029) | -1679.941 (£2113.518 | 0.059(£0.021)
TS39 24 | 18 | 5948 | 0.414 (£0.088) | 0.045(%0.027) | 0.237 (40.033) -519.89 (£677.334 0.045(£0.027)
TS40 10 | 10 | 5.128 | 0.174 (£0.119) | 0.622 (£0.183) | 0.103 (£0.009) -479.693 (£735.071 0.622(+0.183)
TS41 14 | 10 | 4.846 | 0.519 (£0.095) | 0.458 (£0.158) | 0.392 (£0.046) -539.766 (+734.256 0.458(40.158)
TS42 36 | 18 7.33 0.406 (£0.048) | 0.071 (£0.028) | 0.329 (4-0.061) -439.929 (+907.118 0.071(£0.028)
TS43 38 | 20 | 7.817 0.291 (£0.05) 0.044 (£0.02) 0.221 (£0.054) | -1419.941 (£1604.714 0.044(£0.02)
TS44 41 | 24 | 9.399 | 0.229 (£0.043) | 0.033 (+0.016) | 0.179 (£0.031) | -2719.947 (+4798.125 | 0.033(40.016)
TS45 25 | 20 | 8.176 | 0.263 (£0.074) | 0.054 (£0.019) | 0.178 (£0.031) -639.908 (£749.416 0.054(£0.019)
TS46 22 | 15 | 7.073 0.5 (£0.07) 0.061 (£0.041) | 0.315(£0.043) -579.882 (£672.781 0.061(£0.041)
TS47 37 | 24 | 6.708 | 0.205(40.043) | 0.016 (£0.012) | 0.143 (4+0.034) -839.936 (£1345.598 0.016(40.012)
TS48 11 6 3.456 0.701 (£0.12) 0.922 (£0.049) | 0.871 (£0.073) -739.702 (£694.263 0.922(40.049)
TS49 25 | 24 | 6.528 | 0.238 (£0.081) | 0.123 (£0.019) | 0.124 (£0.007) -339.91 (£658.078 0.123(40.019)
TS50 20 | 10 | 4.931 | 0.713 (£0.065) 0.452 (£0.12) 0.667 (£0.061) -459.829 (4+705.958 0.452(£0.12)

allowed runtime of the heuristics is 40 ms, then the proposed
heuristic is better than IG, PSO, std-SA, and TS in up to 39,
47, 39, and 47 test cases, respectively. The proposed heuristic
has solution quality equal to IG, PSO, std-SA, and TS in 5,
3, 2, and 3 test cases, respectively. The solution quality of
the proposed heuristic is less than that of IG, std-SA and
TS in 6, 0, 9, and O test cases, respectively. The remaining
rows show the results of the comparison when the maximum
runtime of the heuristics in 50 ms, 60 ms, 70 ms, and 80 ms.
The results show that the proposed heuristic outperforms the
existing heuristics with respect to solution quality.

In Figs. 12 and 13, we show the percentage deviation
between the mean values of the proposed heuristic and the
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existing heuristics. The positive values indicate that the mean
of the proposed heuristic is better than the existing one.
The y-axis in Figs. 12 is upper bounded to 300% deviation.
As the graphs shows, at both execution timings (40 or 80 ms),
the mean of proposed heuristic is significantly better than that
of the existing ones.

V. CONCLUSION

In this paper, we considered a multi-user DC-OFDM based
VLC system and investigated how to optimally determine
the allocation of the users to different LEDs and subcarriers.
We formulated the resource allocation problem as the maxi-
mization of user satisfaction index and presented a SA based
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TABLE 9. Solution quality of the solutions when the heuristics executed for up to 80 ms.

Problem | N L Umin Proposed Std-SA 1G PSO TS

TS1 19 | 18 | 8.393 | 0.097 (£0.076) | 0.013 (£0.024) 0.06 (£0.027) -219.885 (£464.647 0.013(£0.024)
TS2 31 | 30 | 9.346 | 0.034 (4+0.028) | 0.004 (£0.008) | 0.014 (£0.015) -999.937 (£2498.977 0.004(40.008)
TS3 24 | 20 | 8.418 | 0.313(£0.076) | 0.029 (£0.023) | 0.124 (4-0.023) -679.895 (4+740.654 0.029(£0.023)
TS4 39 | 20 | 8.766 | 0.372(40.046) | 0.069 (£0.023) | 0.289 (£0.041) | -1099.942 (£2140.472 | 0.069(£0.023)
TS5 11 | 10 | 6.565 0.22 (£0.117) 0.353 (£0.186) 0.091 (£0) -459.714 (£645.504 0.353(40.186)
TS6 10 8 4.392 0.646 (£0.1) 0.913 (£0.05) 0.569 (£0.053) -539.668 (+734.286 0.913(£0.05)
TS7 11 6 3.47 0.774 (£0.109) | 0.914 (£0.046) 0.81 (£0.113) -539.649 (£613.141 0.914(40.046)
TS8 13 | 12 | 5.884 | 0.473 (£0.131) | 0.549 (+0.137) | 0.267 (£0.024) -739.773 (4£852.593 0.549(40.137)
TS9 11 8 3.781 0.609 (£0.16) 0.809 (£0.086) | 0.673 (£0.138) -459.698 (£734.252 0.809(£0.086)
TS10 8 6 3.012 0.635 (£0.09) 0.824 (£0.047) | 0.598 (+0.058) -519.615 (£646.492 0.824(40.047)
TSI11 12 | 12 | 7.801 0.083 (£0) 0.205 (£0.126) | 0.087 (40.024) -439.791 (£732.875 0.205(£0.126)
TS12 48 | 24 | 6.448 | 0.211(£0.044) | 0.032(x0.015) | 0.253 (£0.033) -939.944 (£2393.964 | 0.032(%0.015)
TS13 26 | 15 | 5.541 | 0.497 (£0.089) | 0.087 (40.044) 0.471 (£0.06) -599.895 (£755.932 0.087(40.044)
TS14 30 | 18 | 7.977 | 0.452(%0.062) 0.074 (£0.03) 0.353 (£0.055) -519.915 (4-862.838 0.074(£0.03)
TS15 13 8 4471 | 0.673 (£0.107) | 0.847 (£0.085) | 0.537 (£0.091) -399.724 (£638.854 0.847(£0.085)
TS16 14 | 12 | 6.059 | 0.474 (£0.108) | 0.419 (40.158) 0.392 (£0.07) -639.78 (£851.399 0.419(40.158)
TS17 20 | 10 | 4.166 | 0.735 (£0.063) 0.573 (£0.12) 0.783 (£0.042) -399.832 (+638.877 0.573(£0.12)
TS18 14 | 10 | 3.818 | 0.685(40.114) | 0.739 (£0.095) | 0.621 (£0.084) -539.762 (£761.577 0.739(£0.095)
TS19 19 | 15 | 5.014 | 0.533(£0.098) | 0.215(40.072) | 0.356 (£0.043) -539.864 (+761.576 0.215(40.072)
TS20 10 8 4.424 | 0.647 (£0.096) | 0.906 (£0.054) | 0.406 (£0.029) -379.62 (£696.644 0.906(£0.054)
TS21 14 | 12 | 6.484 0.597 (£0.09) 0.466 (£0.114) | 0.491 (£0.065) -519.776 (£788.681 0.466(+0.114)
TS22 11 6 3.409 | 0.774 (£0.126) 0.933 (+0.04) 0.78 (£0.102) -439.648 (£611.471 0.933(40.04)
TS23 34 | 18 | 5.437 0.4 (£0.055) 0.04 (£0.024) 0.333 (£0.056) -579.915 (£859.294 0.04(£0.024)
TS24 18 | 12 | 6.127 | 0.632(£0.113) | 0.386 (£0.105) | 0.568 (£0.056) -439.843 (£704.491 0.386(40.105)
TS25 22 | 18 | 6.385 0.446 (£0.08) 0.16 (£0.029) 0.266 (£0.034) -559.88 (£732.901 0.16(%0.029)
TS26 14 | 10 | 4786 | 0.571(£0.142) | 0.686 (£0.124) | 0.371 (£0.075) -459.751 (£761.562 0.686(+0.124)
TS27 18 | 10 | 4.726 | 0.733 (£0.113) | 0.647 (£0.128) | 0.718 (£0.068) -839.825 (£765.589 0.647(40.128)
TS28 15 | 10 | 5.168 | 0.694 (£0.103) | 0.719 (£0.094) 0.528 (£0.09) -359.792 (4+721.681 0.719(£0.094)
TS29 48 | 24 9 0.196 (£0.047) | 0.018 (£0.015) | 0.213 (£0.026) | -1139.947 (£2240.722 | 0.018(%0.015)
TS30 22 | 12 | 4.907 0.633 (£0.1) 0.282 (£0.087) | 0.522 (+0.076) -519.86 (£735.132 0.282(40.087)
TS31 60 | 30 | 7.129 | 0.112(=%0.027) | 0.025 (£0.012) | 0.112(£0.022) | -5059.962 (£9813.382 | 0.025(%0.012)
TS32 14 8 4.757 | 0.703 (£0.108) | 0.871 (£0.092) | 0.714 (£0.082) -579.735 (£810.378 0.871(40.092)
TS33 15 | 12 | 6.025 | 0.552(£0.095) | 0.388 (+0.121) | 0.344 (+£0.037) -759.789 (4+822.114 0.388(40.121)
TS34 12 | 12 | 7.714 | 0.582 (£0.092) 0.49 (£0.073) 0.417 (£0) -439.808 (£704.466 0.49(£0.073)
TS35 15 | 10 | 4709 | 0.564 (£0.124) | 0.679 (£0.141) | 0.549 (£0.088) -639.793 (£802.044 0.679(£0.141)
TS36 12 | 10 | 4.811 | 0.601 (£0.084) | 0.843 (£0.099) | 0.361 (4-0.066) -659.725 (£717.426 0.843(£0.099)
TS37 7 6 3.755 | 0.526 (£0.165) | 0.946 (£0.047) 0.294 (£0.05) -719.522 (£640.147 0.946(40.047)
TS38 36 | 24 | 6.097 | 0.283 (40.043) | 0.063 (£0.019) | 0.223 (+0.034) -979.937 (£1597.07 0.063(40.019)
TS39 24 | 18 | 5.948 0.412 (£0.07) 0.059 (£0.043) | 0.235 (40.042) -499.89 (+614.462 0.059(£0.043)
TS40 10 | 10 | 5.128 | 0.218 (£0.176) 0.7 (£0.148) 0.102 (£0.008) -459.688 (£734.247 0.7(£0.148)

TS41 14 | 10 | 4.846 | 0.529 (£0.104) | 0.589 (40.112) | 0.408 (£0.046) -439.737 (£732.868 0.589(40.112)
TS42 36 | 18 7.33 0.454 (£0.063) | 0.073 (£0.032) | 0.357 (40.062) -519.927 (+931.095 0.073(£0.032)
TS43 38 | 20 | 7.817 | 0.316(40.049) | 0.053 (£0.018) 0.24 (£0.054) -959.933 (£1211.503 0.053(40.018)
TS44 41 | 24 | 9.399 0.258 (£0.06) 0.039 (£0.02) 0.192 (£0.029) | -1059.947 (£1570.261 0.039(40.02)
TS45 25 | 20 | 8.176 0.29 (£0.084) 0.066 (£0.03) 0.182 (£0.029) -639.902 (£851.402 0.066(£0.03)
TS46 22 | 15 | 7.073 | 0.502 (£0.088) | 0.071 (£0.046) 0.307 (£0.05) -539.881 (£676.417 0.071(£0.046)
TS47 37 | 24 | 6.708 | 0.247 (£0.057) | 0.016 (£0.017) 0.154 (£0.03) -1919.942 (+4178.865 | 0.016(10.017)
TS48 11 6 3.456 | 0.771 (£0.119) | 0.926 (£0.042) | 0.894 (£0.053) -779.686 (£678.815 0.926(40.042)
TS49 25 | 24 | 6.528 0.263 (£0.09) 0.124 (£0.015) | 0.124 (£0.007) -539.905 (£885.497 0.124(40.015)
TS50 20 | 10 | 4931 | 0.726 (£0.071) | 0.556 (£0.116) | 0.699 (4-0.049) -639.832 (+776.172 0.556(£0.116)

iterative heuristic solution. In an effort to keep the runtime
less than the coherence time of the VLC channel, we utilized a
new representation using a BG and proposed a neighbor func-
tion that works with this representation. The representation
ensures that moves will take the search to valid states, and the
algorithm can provide good solutions in acceptable time. We
ran our heuristic on a diverse set of test cases with different
number of users and LEDs. The simulation results showed
that the proposed heuristic can produce good quality solutions
using a minimal runtime (40 to 80 ms). For example, when
the maximum runtime is 60ms, the average required-data-rate
of users is 10 Mbps, and the number of users and LEDs lies
between 11-20 and 6-10, respectively; the proposed heuristic
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on can achieve average user satisfaction indices between
72-77%. We also compared our heuristic with standard SA
and two existing heuristics and found that the proposed
heuristic is significantly better than the existing ones.

APPENDIX

This appendix presents the detailed simulation results.
Tables 5, 6, 7, 8. and 9 show the results of the experiments
when the maximum allowed execution time of the heuristics
is 40 ms, 50 ms, 60 ms, 70 ms, and 80 ms, respectively.
In the tables, the first column indicates the problem name,
the second, third and fourth columns show the number of
users, number of LEDs, and the minimum distance between

64089



IEEE Access

U. F. Siddiqi et al.: Resource Allocation for VLC Systems Using Simulated Annealing

any two users, respectively. The fifth, sixth, seventh, and
eighth columns contain the solution quality (average of the
user satisfaction indices of all users) of the proposed heuristic,
std-SA, IG, and PSO, respectively. We have expressed the
solution quality in the format as ‘““average value + (standard
deviation)”’.
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