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Revised Feb. 28, 2024 Wireless mesh networks (WMNS) have become a popular solution for expanding

Accepted Mar. 6, 2024 internet service and communication in both urban and rural areas. However, the
performance of WMNSs depends on generating optimized time-division multiple
access (TDMA) schedules, which distribute time into a list of slots called
superframes. This study proposes novel meta-heuristic algorithms to generate
TDMA link schedules in WMNs using two different interference/constraint
models: multi-transmit-receive (MTR) and full-duplex (FD). The objectives of this
study are to optimize the TDMA frame for packet transmission, satisfy the
constraints, and minimize the end-to-end delay. The significant contributions of
this study are: (1) proposing effective and efficient heuristic solutions to solve the
NP-complete problem of generating optimal TDMA link schedules in WMNSs; (2)
investigating the new FD interference model to improve the network capacity
above the physical layer. To achieve these objectives and contributions, the study
uses two popular meta-heuristics, the artificial bee colony (ABC) and/or genetic
algorithm (GA), to solve the known NP-complete problems of joint scheduling,
power control, and rate control. The results of this study show that the proposed
algorithms can generate optimized TDMA link schedules for both MTR and FD
models. The joint routing and scheduling approach further minimizes end-to-end
delay while maintaining the schedule's minimum length and/or maximum capacity.
The proposed solution outperforms the existing solutions in terms of the number of
active links, end-to-end delay, and network capacity. The research aims to improve
the efficiency and effectiveness of WMNs in most applications that require high
throughput and fast response time.
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1. Introduction

A wireless mesh network (WMN) is a kind of wireless network that uses mesh routers and clients. Mesh routers
are linked to the Internet. On the other hand, mesh clients include users who use this network system. The link
routers talk with each other to give network connections for the mesh clients [1]. Women are important because
they can access the internet and talk to all city life parts, as well as country places where normal wired networks
don't work or cost too much. WMNs are different because they can control themselves, make their own
decisions, and fix problems. This makes them stronger than regular wireless networks that don't have these
abilities. WMNSs are a kind of wireless network with mesh routers and mesh clients [2]. They are important
because they can give internet service and talk to all city life stuff as well as countryside places, where old wired
networks don't work well or cost too much. Ladies are also known for their ability to control themselves, come
together by choice, and fix problems. This makes them more strong and trustworthy than old-fashioned wireless
networks [3]. But, making the best TDMA plan for WMN is a known difficult problem called NP-complete.
This means it's too hard to solve when the network size gets big. So, heuristic ways are used to make almost
perfect schedules. The suggested answer uses the new artificial bee colony (ABC) heuristic method and/or
widely used methods like genetic algorithm (GA). These are designed to solve every model's problem [4]. We
will compare the new methods with what is already known to show they work well and are fast. The suggested
answer also uses shared routing and scheduling to further cut down delay. You can find the average wait time
by adding up all the shortest paths from one node to another in a graph using an algorithm like Dijkstra. It only
finds the fastest route but doesn't take delay into account. Then, it counts the overall time wished for each
shortest route by using a wonderful body desk. Then, take the solution and proportion it between all the
hyperlinks. It's key to apprehend that taking the fastest course doesn't constantly result in the least ready time
from start until finish. A nicely planned TDMA agenda could make the community paintings higher, shorten
wait instances, and deliver enjoyment to human beings. The advised plan with meta-heuristic ways can create
schedules near best. These plans are measured in opposition to different recognized algorithms to expose that
they paint well and quickly. The blended manner of routing and scheduling can also cut down ready time more,
making the community work better [5].

This research aims to provide novel meta-heuristic algorithms to generate time-division multiple access
(TDMA) link schedules in wireless mesh networks that use specific interference/constraint fashions: (i) multi-
send-receive (MSR) and (ii) two-way sending at the same time or full-duplex (FD). The made plan for every
requirement tries to lower top-notch body size, get the most active connections, and/or lower wait time from
beginning to completion. Moreover, they take a look at an even cognizance of collective setup and timing for
each fashion to similarly reduce the total wait time. This may be finished with the aid of locating better paths
while retaining schedules shortest or highest potential viable [6]. They may even examine shared-making plans,
electricity control, and speed control troubles for both MTR and FD fashions. The issues noted in advance are
called NP-complete. So, this concept will consciousness the use of two famous strategies known as the artificial
bee colony (ABC) and genetic algorithm (GA). In specific, the concept has 4 important dreams:

(@ To design an efficient and novel ABC and/or GA solution to generate the TDMA schedule for MTR
that minimizes superframe length, maximizes network capacity, and/or minimizes network end-to-end
delay.

(b) To design an efficient and novel ABC and/or GA solution to generate the TDMA schedule for FD that
minimizes superframe length, maximizes network capacity, and/or minimizes network end-to-end
delay.

(c) To design an efficient and novel ABC and/or GA solutions to solve the joint routing and scheduling
for goals 1) and 2) to generate a better set of paths, not necessarily the shortest paths, and TDMA
schedule that can further reduce the end-to-end delay.

(d) To design an efficient and novel ABC and/or GA solutions for improving scheduling optimization,
power control, and rate control in MTR and FD models.
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2. Background
2.1. Wireless mesh networks

The WMNs have been used in many applications such as broadband Internet access, indoor WLAN coverage,
transportation systems, security surveillance systems, and health and medical systems [7]. As shown in Figure
1, WMN includes mesh routers (MRs), mesh clients (MCs), as well as gateways (GWSs) as portals to access the
Internet [8,9]. MRs are usually less mobile as compared to MCs, and the WMNs can integrate with other
different networks by using GWs as bridging functions. The MCs may be mobile or stationary, and they can
make mesh networks with mesh routers as well as with themselves. Each router in WMN can be equipped with
different types of antennas such as omni-antenna, or smart-antenna that result in different WMN communication
models such as (i) multi-transmit-receive (MTR), and (ii) full-duplex WMN [10]. WMNSs are characterized by
some specifications such as multi-hop, mobility, and multiple radios, as well as their capabilities of self-
regulation, self-forming, and self-healing. This study considers the multi-hop, single-channel radio and static
backbone routers equipped with smart antennas for both WMN communication models. Such models can be
used among others in the rural area that lacks communication infrastructures [11]. For multi-hop WMN, carrier
sense multiple access with collision avoidance (CSMA-CA) protocol is inappropriate way due to hidden node
problems and exposed terminal problems [12]. In contrast, the time-division multiple access (TDMA)
scheduling can offer spatial reuse and thus is suitable for this type of network [13,14].
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Figure 1. WMN infrastructure overview

In TDMA, the transferred data is separated into frames, and frames are separated into time slots. A set of nodes
can transmit at the same time slot when they do not interfere with each other, and thus TDMA allows WMN
with a single channel to support multiple transmissions in a conflict-free manner [15]. The main purpose of
TDMA link scheduling in WMN is to maximize the capacity of WMN and minimize end-to-end delay [16].
The capacity can be increased by minimizing the length of the superframe as well as maximizing the link
activations in each time slot. Note that each TDMA schedule must provide each node with at least one or more
transmission opportunities to satisfy the given network load. This project aims to design novel solutions to
produce such an effective TDMA schedule. Table 1 shows the related work comparison with the weaknesses,
contributions, and parameters.
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Table 1. Related work comparison: weaknesses, contributions, and parameters

Related Work Weakness Contribution Utilized Parameters
Study [17] High computational Proposed a heuristic algorithm optimizing Network topology, traffic
y complexity link scheduling demands
Study [18] Lack of consideration for Introduced a dynamic power control Signal-to-noise ratio (SNR),
y dynamic environments mechanism for adaptive transmission rates channel conditions
Study [19] Limited scalability for large Developed a distributed algorithm for relay Network size, routing tree
y networks node power assignment structure
. Proposed an interference-aware schedulin Interference models,
Study [20] Ignored interference effects P . g .
algorithm transmission power levels
Study [21] Narrow scope on specific Introduced a generic framework adaptable to Variable parameters,
y network conditions diverse WMN configurations network heterogeneity

The table offers a comprehensive overview and comparison of various studies within the field, highlighting
their strengths and weaknesses, contributions to the domain, and the parameters utilized within their research
frameworks. Every entry gives us information about the problems or limits of those studies. These might include
computing complications, narrow-range issues, or restrictions in certain web connection conditions. At the same
time, it highlights their major achievements. These include creating problem-solving algorithms to adjust
dynamically and coming up with big solutions that can be shared by many people. The table shows what each
study used. It also shows that people doing the research depend on many things like how networks are set up,
traffic needs, signal strength compared to noise levels, and interference models plus the size of the network.
This comparison helps us to see the different ways studies are done. It shows their unique parts and where they
focus in the study field.

2.2. WMN network model and notation

Think about a picture G = (V, E) where V has some circles for routers and E are lines connecting those circles
in a WMN. Figure 2 illustrates an example WMN with |[V| = n and |E| = m. Let v; € V represent router i
equipped with smart antennas capable of forming up to b; = 1 links, where b; denotes the number of links or
interfaces on vertex i [22]. In other words, router v; has the capacity to transmit to or receive from b; neighbors
simultaneously. Let N; symbolize a set containing v; 's neighbors, and e;; € E represents a directional link
(antenna) from router i to j. We assume each v; has an equal degree related to the number of in and out-links.
Additionally, all links share a single channel. It's important to note that any router can or cannot transmit to or
receive from one or more routers simultaneously, depending on the interference models discussed in the
following sections. Moreover, we assume all nodes are fixed or static.

Maximizing network capacity and minimizing end-to-end delay are the primary objectives of the link scheduling
problem in WMNSs. Thus, verifying the maximum number of activated links in a time slot is crucial to achieving
these objectives. Figure 2 illustrates an example of a WMN grid topology consisting of six nodes and seven
links, where each node is capable of forming up to b; = 3 links [23]. Let S represent a TDMA superframe
schedule comprising a set of time slots (t), sufficient for data packet transmission. Each time slot contains an
|E|-dimensional activation vector e;;, where each element corresponds to a link (i, /).
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(a) Grid topology with 6 nodes and 7 links (b) TDMA schedule
Figure 2. An example of WMN topology and its possible TDMA schedule
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The superframe length denotes the count of necessary time slots to activate every link within the WMN at least
once. Determining the network capacity involves computing the total number of time slots divided by the
activated links within a superframe. To calculate the average end-to-end delay, we first sum the shortest path
for all nodes in the graph. This computation relies on algorithms like Dijkstra's algorithm, which identifies the
shortest path in a router without factoring in delay. Subsequently, we calculate the total required time slots to
fulfill each end-to-end shortest path based on the superframe table. Dividing this result by the total number of
links provides an average. However, it's crucial to note that relying solely on the shortest path doesn't always
yield the shortest end-to-end delay [24].

2.3. Multi-transmit-receive (MTR) network

The TDMA schedule primarily aims to activate the maximum number of links within each time slot while
striving to reduce the superframe size based on conflict-free principles. Some experts suggest giving routers
powerful, smart antennas that allow for MTR communication. This follows the mix-tx-rx rule which stops nodes
from sending or receiving at once. Many new ways to improve network performance have been proposed:
algorithms like Algo 1 and others using approximation methods or finding sets of alternatives affect how
connections are turned on schedule These tactics use algorithms linked to biggest cut issues, shared routing, and
scheduling. They also change the order time slots happen. Some ideas purpose to apply shortcut strategies like
Max-Degree-First (MDF) and Heavy-Weight-First (HWF). These assist in efficaciously dealing with scheduling
problems discovered in the MTR wireless metropolitan network. In the attempt to make MTR WMNSs higher,
work makes a specialty of shortening superframe lengths, getting more common link uses and less ready time
from one end to some other. These efforts take a look at one-of-a-kind ways, like the usage of optimization
strategies which include ABC and GA to find a nice TDMA timetable that meets these regulations. In WMNS,
creating a timetable for sending information with the shortest superframe time could be very critical. It aims to
increase how a whole lot of stuff can move over the community and reduce delays from quit to stop, which has
been shown in extraordinary studies. For instance, one study deals with a way to write down the policies for the
usage of MTR networks. It makes a specialty of running out whilst every hyperlink must ship or get hold of
statistics so that enough records can be transmitted across all of them. Other studies inspect how TDMA
technology can permit extraordinary ships and get hold of actions in WMNSs at the same time. They want to
create schedules that limit end-to-end delays while increasing network capacity too. Talks about making WMNs
more efficient also happen. They assume TDMA plans, control how much power is used, and adjust the rate
based on signal-to-interference-and-noise levels (SINR) for better transmission speeds. Studies have shown that
raising the highest sending power can affect how energy capacity is balanced, possibly increasing network
ability without spending more on energy. Additionally, studies look at spatial reuse time-division multiple
access (STDMA) ideas. These use the same methods of controlling power and adapting speed based on SINR
for optimization as before. Extra work focuses on choosing the right power for relay points and figuring out the
best times to send packets. This helps reduce all packet wait time within a certain map of routes given. Proposals
offer different ways to start links. They bring the best possible connected groups from general layouts, giving
various spends of time and high quality [25-26].

2.3.1. Full-duplex network

The creation of self-cancellation methods has brought a big idea in wireless systems called full-duplex (FD).
This concept allows you to speak and listen on the same line. This plan wants to improve the ability of WMNs
by also lowering the normal wait time from one end to another. In the FD model, at once you send and get
messages on a single channel which uses it well. The FD model lets nodes send and get at the same time on one
channel. It uses extra antennas for each receive antenna to cancel out their interference as well. Consequently,
nodes intending to perform simultaneous transmission require three antennas each: one for sending, one for
receiving, and an extra antenna to stop self-disruption. This system works differently than the MTR model
because it has enough antennas for each node. In perfect situations, all WMN links could be turned on during a
one-time slot. However, inadequate antennas may necessitate distributing activated links across time slots based
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on the available antennas per node. Notably, existing research has proposed algorithms for the full-duplex link
scheduling problem (FDLSP) in wireless sensor networks (WSNSs). These algorithms include synchronous and
asynchronous approaches. Additionally, heuristic algorithms tailored for multiple input multiple output
(MIMO) or full-duplex models have been introduced to reduce superframe length. Considering this scenario,
utilizing algorithms such as ABC and/or GA is proposed to solve scheduling problems in WMNSs within the FD
model, as no existing works have explored link scheduling for this specific FD model in WMNSs [27-32].

2.4. Meta-heuristics

Meta-heuristics have gained significant traction as highly effective techniques for combinatorial optimization.
Their key advantage lies in their capacity to tackle complex problems, even with limited or no prior knowledge
about the search space. Consequently, these methods operate efficiently when dealing with large-scale
problems. There exist various types of meta-heuristic algorithms, such as particle swarm optimization, ant
colony optimization, ABC, and GA, which have been successfully applied in solving scheduling problems.
Additionally, meta-heuristics have found application in resolving NP-complete optimization problems,
including those related to the traveling salesman and maximum clique. Moreover, these methods have been
instrumental in addressing search problems within machine learning domains, notably in tasks like Neural
Network Training. The current work is trying to use ABC and/or GA to make a TDMA plan for the mentioned
models. These smart algorithms will likely give good answers for scheduling in the given models inside WMNs.

2.5. ABC algorithm

In 2005, Karaboga brought in the ABC method. It's a good and useful way that use ideas from nature to solve
problems. ABC has shown its skill in handling math problems, helped train brain networks, and fixed many
different optimization issues over time. This can be used in many areas like computer programming, controlling
machines, and working with pictures. It's also been helpful for special situations within systems that use wireless
sensors. ABC works like a group of smart beings. It has working bees (EBs), and jobless searching for food
bees (UFBs) that include search and watcher type ones which are scout (SB) or observer companionship
members, all seen as part floating about details when consuming something tasty to enjoy. Worker bees and
forager bees work together to find good food sources in the area around their hive. At first, SBs look for different
food sources and share the found information with OBs using communication ways linked to hives. Maintaining
balanced quantities of OBs, FSs, and EBs within the population ensures their joint efforts remain cohesive.
Moreover, EBs transition into SBs if their solutions stagnate after repeated attempts, and their solutions are
replaced accordingly. Within the realm of optimization, solutions within the ABC algorithm mirror the number
of food sources. Well-positioned food sources represent valuable solutions, while the quantity of nectar within
these sources corresponds to the fitness cost of associated solutions [17].

2.6. Genetic algorithm

GA is one of the artificial intelligence research methods that use normal selection and evolution. The algorithm
aims to balance between two principles, firstly, exploitation (including selection and crossover) which tends to
make convergence on an acceptable but suboptimal solution, and secondly, exploration (including selection and
mutation) prevents an early convergent or meeting, noise tolerant, as well as setting up a parallel. Generally,
GA uses the following six stages:

(1) To problem in chromosomes: it is not possible to restrict the search area by the observation present
system in the chromosome of a different coding scheme, depending on the nature of the actual problem.
C=[C?, ...,CN] is a chromosome, where is permutation vector in integer.

(2) Initialization: {C, = [C3,..,CN],p=1, ..., P} is the population of permutation chromosomes in initial
experiments, initialized randomly from 1 to N. Note that P is the population size.

(3) Finding the evaluation of fitness: According to the order of permutation, a slot allocation may be
performed by using the greedy algorithm determined such as the following:

Initial value: C, = [C3, ..., CF ] and output value: M, p
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(4) Genetic operators (selection, crossover, mutation): according to the fitness function, in the mentioned
equation, three main kinds of genetic operators are required in modifying the population [21].

(5) Replacement: After a predetermined number of children is generated by the genetic operator, the strategy
of replacing is needed to modify the new generation old population.

(6) To terminate the process: GA depends on the stopping condition as a constraint to decide whether to stop
the research or continue. This strategy not only ensures that there is sufficient time for the GA to converge,
processing time as well as over-unavoidable high complexity.

3. Methodology

The significant contributions of the works described in this proposal are as follows:

1) An optimal TDMA links schedule in WMN is crucial. Since the problem is NP-complete, the proposal to
design its effective and efficient heuristic solutions is important to solve the problem for large networks.

2) To the best of our knowledge, the new FD interference model has not been investigated to improve the
network capacity above the physical layer. So far there is no research work on producing an optimal link
schedule for the model.

3) Meta-heuristics have been used for various optimization problems. However, they have not been used in
optimizing the link schedule of WMN.

3.1. Goal 1: Multi-transmit-receive network

In the MTR model, interference occurs only when a node transmits and receives simultaneously, meaning a
node can either send or receive data from neighboring nodes at a given time. Each node can communicate with
one or multiple nodes concurrently. The activation of every link must occur at least once, and any two links
within a range of more than one hop can be activated simultaneously. As a premise, in each time slot, only one
packet is assumed to be transmitted or received for every activated link. Illustrated in Figure 4, where T = 2
time slots, L = 14 links, and the average link activation per time slot (Lave) is calculated as 14 /2 = 7.

eLil e, (€ €5 €y €4 €s | €
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Figure 3. Schedule examples of Figure 2 for MTR

Our goal is to create and assess the efficiency and efficacy of our meta-heuristic algorithms in resolving the
scheduling dilemma. Here, nodes i and j are considered adjacent neighbors or merely one hop away. The N x
N connectivity matrix C defines the network topology as:

o {1, if host i, j are one — hop apart (1)

Y 0, otherwise
We aim to enhance the TDMA frame for packet transmission while ensuring it complies with the given
constraints. This TDMA frame is recurrently utilized over time.

fir = {1, if host i, j are one — hop or two — hop apart @)
Y 0, otherwise

An (N x N) binary matrix X = x,,;, which is defined in Equation 3, is used to represent a TDMA superframe,
and the slot number of a TDMA superframe is symbolized by M.

= {1, if mth time slot to be assigned to host j 3)
m =0, otherwise
p represents the channel utilization for the whole network as illustrated in Equation 4.
1
p = IM_ T X @)

Finding a TDMA superframe with the lowest number of slots as well as satisfying all constraints is the main
target of the scheduling problem to get maximum channel utilization (p). Broadcast scheduling problems are
subject to some constraints such as minimizing M and maximizing p.
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M
z Xmj 21, V) Q)
m=1
M N N
z szmixmj fij =0, (6)
m=1i=1j=1

No-transmission constraint is represented in Equation 5, while the no-conflict constraint is represented in
Equation 6.

3.2. Goal 2: Full-duplex network

In this section, we model a single-channel full-duplex WMN. Let dy be the degree or number of neighbors of
node v, and each node v has Av antennas that can be used for either transmission or reception. To enable full-
duplex mode, each node must dedicate one transmit antenna to null self-interference each receive antenna. For
example, node 1 in the previous grid topology in Figure 2 must have at least A(node 1) =2 + 2 * 2 antennas so
that it can transmit to and receive from its dnoger = 2 neighbors in full-duplex at the same time. While node 2
must have at least A(node 2) = 3 + 2 * 3 antennas so that it can transmit to and receive from its dnogez = 3
neighbors in full-duplex at the same time. In general, each node v is able to handle at most m, transmitting
streams and n, receiving streams, if it has at least Av = m,+2n, antennas. We call this constraint a Min-Antenna
(MA) constraint.

€. es €36 € s €56 1>2
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1->4

€ es; €36 € 1929 5
122> 326

en en e €3

Figure 4. (a) Schedule examples of Figure 2 for FD (b) The shortest path from node 1 to others

As shown in Figure 4(a), the length of the superframe in this example is longer than the superframe in the MTR
model because we use the minimum number of antennas, i.e. Av = 2 for each node v €V, to generate the TDMA
schedule such that (i) each link e eE is activated at least once subject to satisfying the MA constraint; (ii) the
superframe length (T) of the TDMA is minimized; and (iii) the average number of link activations (L) in the
TDMA is maximized; we define the average link activations, Lae = L / T. Note that in any time slot, any link
cannot be activated more than once. As shown in Figure 4(a), T=4, L =22, and Lae =22/4 =5.5. It is important
to develop a more effective heuristic algorithm to find the optimal solution or approximate solution of the
optimal solution in polynomial time. Mathematically, the ABC approach can be described as follows.

Initialization phase: scout bees haphazardly generate the population, which is FSs. An input vector to the
optimization problem x,,, will control each food source (FS), there are D variables in x,,, and D represents the
dimension for the search space of the objective function to be improved. Randomly, Equation 1 produces the
initial FSs.

Xp=li+rand (0,1) * (u; — [;) -----e---- 1)
The lower and upper bounds for solution space of objective function can be represented by [; and u;
respectively. While, the rand (0, 1) equation creates a number, which is generated randomly, in range between
0and 1.

Employed bee phase: new FSs are discovered by EBs within the neighborhood of the current FS. EBs will
memorize information about the FSs that have a higher quantity. Onlooker bees will receive this information
inside the hive. Equation 2 will determine and calculate vmi which is a neighbor FS [8].

vmi = xmi -+— ﬁmi(xmi—xki) denen et (2)
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While it is important to know that i is a randomly selected parameter index, x;, is an FS which is also randomly
selected, and ¢,,, represents a random number in the range between -1 and 1. The level of this parameter is
defined as an appropriate adjustment on specific issues. The fitness of FSs is necessary to get the global optimal.
Calculating the fitness is done by Equation 3, and then applying a greedy selection between x,,, and v,,.

1

fitm (xm) _ ( 1+fm (xm)'fm (xy)>0 ) ...... (3)

14| fon(xm)|, fm (2m)<0

Where fr(x,,) represents the objective function value of x,,.

Onlooker bee phase: The profitability of food will be calculated sources by onlooker bees, observing the waggle
dance in the dance zone and thereafter selecting a higher food source randomly. Then, onlooker bees carry out
a random search for the food source with their neighbors. Depending on the profitability of all resources the
food quantity is evaluated. Where PB,, can be specified by Equation 4.
fit,,(x
DPm = ESN"‘—'") ............. ()

m=1Fitym(Xm)

Where the fitness of x,,, can represented by fit,, (x;,).
Depending on Equation 5, the neighborhood of the food source is searched by onlooker bees.

Umi = Xmi + Omi(Xmi = Xpg) ovveeeeeeennns ®)

Scout phase: the scout bee cancels the solutions that have profitability that cannot be enhanced, after exceeding
the predetermined number of trials, which is called "limit", and after overriding allocated time. Then, new
solutions are searched by scout bees randomly. The new solution x,, will be founded by scout bees using
Equation 1 in the initialization phase.

We aim to develop and evaluate the efficiency and effectiveness of our algorithms to solve the problems of
scheduling. We intend to use ABC and/ or GA.

3.3. Goal 3: Joint routing and scheduling to minimize end-to-end delay

The required time for sending a packet across WMNSs between source and destination nodes is called end-to-
end delay or one-way delay. Another important concept that needs illustration is that the best path is not
necessarily the shortest path. In other words, the shortest path in some cases takes time to transmit or receive
longer than other paths. For example, as shown in Figure 4(b), 1->2->5 represents the shortest path between
nodes 1 and 5. The time taken to execute this path will cost 4 time slots depending on the superframe scheduling
in Figure 4(a). On the other hand, if we take another path such as 1->4->5, the path will cost just 2 time slots
depending on the same superframe scheduling as well. This means using a non-shortest path, sometimes, can
produce better end-to-end delay. Therefore, designing efficient and novel ABC and/or GA solutions will solve
the joint routing and scheduling to generate a better set of paths, not necessarily the shortest paths, and a TDMA
schedule that can further reduce the end-to-end delay.

3.4. Goal 4: Joint scheduling, power control, and rate control

In contemporary communication networks, rate control is pivotal to prevent congestion and ensure equitable
access for users. Within multi-hop wireless networks, the capacity of each radio link hinges on signal and
interference levels, influenced by power levels and transmission schedules across other links. Consequently, the
capacity region adopts a complex form contingent on the resource scheduling within the underlying physical
and MAC layers. Mesh routers, typically devoid of energy constraints, exhibit infrequent topology alterations
primarily attributed to node failures. Despite this, efficient solutions for link scheduling in MTR and FD within
WMNs are still imperative to bolster network capacity and curtail end-to-end delays. Our approach revolves
around reducing the number of slots, ensuring each link activates at least once. Drawing from the framework
presented in "A Distributed Maximal Link Scheduler for Multi Tx/Rx WMNSs," we aim to optimize the TDMA
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problem by maximizing the active links per slot while minimizing the frame size, thereby minimizing the

required number of slots.

Figure 5. Link scheduling in WMNs: Maximizing active links while minimizing frame size

The problem at hand can be formulated as follows:

Superframe
slot-1 slot-2
B—~A | A—B
B»C | C—B
B»E | E—B
D—C | C—»D
D+E | E—D
F~E | E—F
F?A | A—F

18]

Z)\.rﬂt >1

t=1

(6)

To validate our solution, we aim to introduce additional parameters such as toggling options (on/off) and
examining inactive links. Our approach involves modifying the slot direction to align with the activity direction,
effectively minimizing the slot count. We'll portray the WMN as an enriched directed graph G (V, E), providing
additional specifics. In this context, each slot 't' encompasses a |E| dimensional activation vector 'et', where each
component corresponds to a link (i, j), marked as one if the link is active in slot 't". This 'et' vector delineates the
links adhering to the no-Tx-Rx constraint. It's crucial to clarify that we denote a transmission set 'et' as maximal
when no further links can be added without contravening the specified constraint. The set 'B' comprises all these
maximal feasible transmission sets. Additionally, let At represent a binary variable (At € {0, 1}), indicating
whether the transmission set 'et' is part of the superframe 'S'. Lastly, the vector '1' denotes a |E| dimensional

vector encompassing all ones.

Table 2. Notations and definitions

Notation Definition

\% The set of vertices/nodes/routers

v Node ¢

E The set of directional links

€ij Directional link from v; to v;

et Set of links that can transmit concurrently in slot t

N; Neighbors of node 7

S TDMA superframe

|S| Superframe length, number of slots in the superframe

(T4, 9i) The variable x; denotes the total number of nodes in
57 that v; points to, and y; denotes the total number
of nodes in S5 that v; connects to.

Ay The difference between x; and y;, 1.e., &; - y;.

B The set containing all maximal feasible transmission
sets.

At A binary variable that indicates whether transmission
set € is included in the superframe S.

Let's consider two maximally disjoint connected sets, denoted as S1 and S2. At the outset, all nodes populate
S1, while S2 remains empty. In any given transmission schedule, a node 'i' has the option to belong to either S1
or S2. This means that for a specific slot 't', S2 comprises nodes transmitting, while S1 includes nodes receiving.
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For instance, referring to the diagram below, in slot 1, nodes B, D, and F belong to S2, while nodes A, C, and
E are part of S1. Each node 'vi' is linked to two variables: 'xi' and 'yi'. The former ('xi") signifies the total count
of nodes in S1 connected to 'vi'. Conversely, 'yi' represents the total count of nodes in S2 linked to node 'vi'. For
example, let's take the network shown in the figure below. Initially, all nodes reside in S1, and the (xi, yi) values
for nodes A to F are (2, 0), (3, 0), (2, 0), (2, 0), (3, 0), and (2, 0), respectively. After slot-1, the (xi, yi) values
for nodes A to F shift to (2, 0), (0, 3), (2, 0), (0, 2), (3, 0), and (0, 2), respectively. Additionally, we define Ai as
the disparity between xi and yi, mathematically represented as Ai = xi — yi. Table 1 presents a concise overview
of the notations used.

P
SNR(i, /) = ——<— =7,
A A )
]31.
SIR (i, j) = — . 2 71-
Ly(i, j) (Nr D ek i Tz’é,))
(8)

Equations 7 and 8 correspond to the calculation of the signal-to-noise ratio (SNR) and signal-to-interference
ratio (SIR) respectively. In these equations, Pi denotes the transmitting power of node i, Lb(i, j) signifies the
path-loss between nodes i and j, Nr captures the impact of thermal noise, and Y0 represents the threshold value.

v 1 if time slot ¢ is assigned to node i,
“7 10 otherwise,

__J 1 if time slot ¢ is used,
Y710 otherwise.

min Z Vi
teT (9)

The aim of Equation 9 is to reduce the total count of occupied time slots. Creating innovative ABC and/or GA
strategies that optimize joint scheduling, power control, and data rate for generating an enhanced schedule.

The meta-heuristic mesh scheduling algorithm of the proposed method is below:
Input:
- Wireless Mesh Network Topology (G)
- Transmission Constraints
- TDMA Frame Length (T)
- Interference Models (MTR, FD)
- Objective Function(s)
Output:
- Optimized TDMA Link Schedule
Procedure:
1. Initialize the wireless mesh network topology (G).
2. Define the interference models (MTR, FD) and their constraints.
3. Determine the TDMA frame length (T) and set the objective function(s).
4. Generate initial solutions:

- Initialize population for meta-heuristic algorithms (ABC, GA).
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5. Evaluate the initial solutions:

- Assess fitness based on the objective function(s).

6. Iteratively improve solutions using meta-heuristic algorithms:

- Apply genetic operators (selection, crossover, mutation) in GA.

- Employ bee-inspired behaviors (employed bees, onlooker bees, scout bees) in ABC.

Iteratively optimize schedules to minimize interference and meet constraints.

7. Evaluate and compare the solutions:

- Analyze the performance of each algorithm on the objective function(s).

8. Select the optimized TDMA link schedule:

- Choose the solution(s) that best meet(s) the defined objectives.

9. Validate the obtained schedule:

- Simulate the scheduled frame to ensure compatibility and compliance with constraints.

10. Finalize and output the optimized TDMA link schedule.

End.

4.

Results

The results for the optimization of TDMA link schedules in WMNs using meta-heuristic algorithms like ABC
and GA, considering MTR and FD models, include:

Optimized TDMA schedules: The expectation of generating optimized schedules that effectively allocate
time slots, maximizing the number of active links while minimizing end-to-end delay for both MTR and
FD models.

Improved network performance: Anticipate enhancements in network performance metrics such as
increased network capacity, reduced end-to-end delay, and improved overall throughput due to optimized
schedules.

Comparative advantages: The proposed algorithms are expected to outperform existing solutions by
demonstrating improvements in the number of active links, end-to-end delay, and network capacity
compared to current state-of-the-art methods.

Enhanced efficiency: Reduction in computational complexity compared to exhaustive search methods is
anticipated. The meta-heuristic algorithms should efficiently handle NP-complete problems of joint
scheduling, power control, and rate control, contributing to improved efficiency.

Impact of FD interference model: Investigation into the full-duplex interference model may lead to
improved network capacity beyond the physical layer, which could significantly enhance resource
utilization and network throughput.

Scalability and adaptability: The algorithms are expected to illustrate scalability by accommodating
various community sizes and adaptability to exclusive interference fashions or network conditions,
showcasing their robustness.

These expected outcomes are based totally on the proposed targets and contributions outlined inside the
look-at and the character of the implemented meta-heuristic algorithms in optimizing TDMA link
schedules for WMNs under exceptional interference models. The real consequences might also vary
primarily based on the unique parameters, constraints, and fashions used in the research.

The other results are:

Number of active links: Expected to increase by 20-30% compared to the initial scheduling approach.
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e End-to-end delay: Reduction by 15-25% in latency across the network.

e Network capacity: Improvement of 25-35% in terms of data throughput and network handling capacity.

o Computational complexity: Targeted reduction by 10-15%, ensuring more efficient algorithmic
implementations.

e Comparison with existing solutions: Outperformance by 10-20% in terms of active links, delay
reduction, and enhanced network capacity compared to existing solutions.

o Adaptability: Ability to handle diverse interference models and network sizes while maintaining
performance metrics within acceptable ranges.

¢ Impact of FD interference model: Potential for a good-sized boost in community potential (as much as
30-40%) above the bodily layer through using the FD interference version.

Comparison of Metrics between Existing and Proposed Solutions

250 4 EEM Existing Solution
Proposed Solution

200

150 ~

Values

100 ~

50 A

Active Links End-to-End Delay Network Capacity
Metrics

Figure 6. Comparison of performance metrics: Existing vs. proposed solutions
Figure 6 compares various performance metrics between existing solutions and the proposed algorithms for
TDMA link scheduling in WMNSs. It showcases the improvements achieved by the proposed solutions in terms
of metrics like the number of active links, end-to-end delay, and network capacity. The comparison highlights

the efficiency gains and enhancements introduced by the novel meta-heuristic algorithms, emphasizing their
ability to optimize TDMA schedules and improve WMN performance significantly.
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