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Abstract. As rapid global urbanisation is expected to peak by 2050,
the need for smart and sustainable infrastructure to manage and com-
bat urban waste effectively has become increasingly urgent. This study
addresses the critical issue of waste management in expanding cities
through the proposal of a novel wireless sensor network (WSN) aimed
at optimising waste collection and processing by assisting contemporary
procedures through the integration of recent advances in networking and
unmanned aerial vehicles (UAVs). With the aim of investigating the effi-
cacy of our proposals, various assessments and analyses within the Cooja
network simulator are conducted. In conjunction to this, a real-life case
study of major transport stations within Whitechapel, London is also
considered to provide enhanced insight into the network’s effectiveness.
The developed model demonstrates the system’s capability of enhancing
waste collection services with a minimal average transmission delay of
125ms experienced across all simulated nodes. Finally, the paper provides
all simulation and node source code, encouraging future development and
refinement in smart waste management and Internet of Things (IoT) so-
lutions, enabling future integration with artificial intelligence for further
optimisations.

Keywords: Wireless Sensor Network (WSN) - Smart Cities - Artificial
Intelligence - Waste Management

1 Introduction

As the world trends closer towards implementing smart city style infrastructure
in major cities, the urgency to introduce novel algorithms to revolutionise and op-
timise contemporary procedures becomes increasingly important. A study com-
pleted in 2017 predicts by the year 2050, most of the earth’s population will have
moved to urban areas [7], forming vast cities that require smart and sustainable
infrastructure to manage the needs of their citizens. With the excessive levels of
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concentrated waste production this will bring to city environments, researchers
have previously recommended that advancements in smart city technology are
necessary to augment and improve existing waste management systems to ensure
they are capable of supporting these enhanced levels of activity [2].

Previous works including [4] have explored and successfully developed indi-
vidual Internet of Things (IoT) enabled smart bins. Alternatively, works such
as [6] propose a method of utilising a cuckoo search algorithm to analyse waste
data in order to enrich existing waste management infrastructure. The authors
of [13] implemented a waste network system by utilising the long-range wide
area network (LoRaWAN) protocol which can support capacity monitoring of
bins on the network. However, without the utilisation of the IPv6 over low-power
wireless personal area networks (6LoWPAN) protocol, dependence on the Lo-
RaWAN protocol means the implementation doesn’t support IPv6, as discussed
in [5]. Additionally, in [22], Sartori et al. tested an implementation of the routing
protocol for low-power and lossy networks (RPL) over LoRaWAN but identified
unexpected behaviours and deemed that further work must be completed to
overcome the issues presented.

Similarly, researchers have previously explored the use of unmanned aerial
vehicles (UAVs) for smart waste management applications. The researchers in
[23] discussed the application of UAVs and their ability to enhance existing waste
management frameworks, reducing emissions through sustainable waste trans-
portation and increasing site safety through enhanced automation. Furthermore,
works completed by Figliozzi suggest that UAVs can be implemented to lower
emissions, being approximately 47 times more efficient per unit distance travelled
than conventional diesel vans [12]|. Alternatively, recent advancements in artifi-
cial intelligence (AI) have also been applied to waste management problems to
enrich existing processes. For example, Abdallah et al. analyses and reviews po-
tential AT applications for waste management solutions [1]. Our work integrates
optimally with these previous directions and can be extended in the future to
utilise Al-based scheduling for more efficient waste management.

The network simulator Cooja Contiki-NG [20] has previously received exten-
sive representation in studies that explore and simulate ad hoc networks [17,3].
The authors of [21] have used the software for simulational analysis and com-
parisons of both static and mobile networks, whilst in [9] researchers have used
Cooja to investigate the RPL protocol for use in IoT networks. Finally, in [10]
and [11], the software is used to analyse the performance of multiple nodes that
are in constant communication with each other.

As previous work lacks the evaluation and simulation of an RPL-based ad hoc
network for city-scale smart waste management, as shown in Table 1, we propose
and simulate a novel wireless sensor network (WSN) to manage and coordinate
waste management tasks. The simulation, which employs 22 nodes, addresses a
gap in the existing literature, particularly concerning the complexities of large
urban environments within a Cooja environment. We aim to examine and rigor-
ously simulate a network model capable of supporting smart waste management
services for network-enabled smart bins with the overall objective of enabling
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more efficient and streamlined waste collection processes that take advantage of
the latest technologies.

Table 1. A comparison of this work against other similar WSN studies for smart city
waste management.

Ref |RPL-based|Simulation|Case Study|Full Code
This v v v v

18 X X v X

27 X v X X

[19] X v v X

25 X X X X

24 X X X X

Therefore, this paper’s major contributions are presented as follows:

1. A novel method of monitoring waste services across an urban environment
is proposed to improve upon contemporary waste management frameworks
by merging previous research efforts in computer networking and UAV tech-
nologies.

2. A novel simulation of an extensive 22-node smart waste management network
within the context of a case study that focuses on major transport stations
in Whitechapel, London is completed within the Cooja network simulator.

3. All supporting source code including the full simulation environment is ac-
cessible at https://github.com/palzino/Waste-Management- WSN, fostering
future ad hoc networking research efforts for similar smart city environments.

2 Background

2.1 Case Study

To provide a realistic focus for the assessment and validation of this work’s
proposed waste management network, we are utilising a selected area of trans-
portation stations in Whitechapel, London to act as a setting for our simulation
experiments to commence.

As a major global city, with a predicted population of 10.5 million by 2035
[26], London’s expansive transportation network generates excessive levels of
waste and therefore requires comprehensive waste management solutions. In
2015, the London Authorities identified that businesses and residences through-
out London were producing 7 million tonnes of waste annually [8], prompting the
local government to introduce a set of goals to make the city more sustainable and
environmentally friendly. In 2009, it was disclosed that London’s underground
tube network produces approximately 3,250 tonnes of waste across its stations
and depots [14]. Since the network has only expanded and continues to expand
in the future, it is paramount that scalable, next-generation waste management
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technology is available to meet the city’s expansive recycling needs. The city has
also expressed interest in integrating recent advancements in IoT technology to
introduce improvements over contemporary waste management procedures. In
July 2024, the city began experimenting with implementing RFID technology
on their existing waste collection vehicles in a small set of residential areas [15].
By analysing the city’s current plan, the basis of this case study was devised as
our proposals could act as a comprehensive extension of the existing framework
being trialled.

Figure 1 presents the area surrounding Whitechapel, London with all London
Underground, London Overground, Elizabeth Line and National Rail transport
stations marked. This location has been chosen to form the case study for this
work as it contains a dense amount of commercial buildings and transport sta-
tions, making it an optimal area for future smart city developments and inno-
vations. The approximate locations of each transport station will be replicated
as a node within the Cooja simulation to provide a realistic depiction of the
feasibility of this work against a production implementation.

Fig. 1. A map of Whitechapel, London with all London Underground, London Over-
ground, Elizabeth line and National Rail transport stations marked.

2.2 Routing Protocol for Low-Power and Lossy Networks (RPL)

The routing protocol for low-power and lossy networks (RPL) is a vector-based
protocol that utilises a direction-orientated directed acyclic graph (DODAG)
based on the IEEE 802.15.4 standard [16]. Figure 2 illustrates an example of the
hierarchical structure of RPL and DODAG.

The root node is the destination where all packets flow towards. Upon a new
node joining, DODAG information solicitation (DIS) messages are sent to up-
date the graph’s structure. DODAG information objects (DIOs) are used to find
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Fig. 2. An example RPL DODAG structure with control messages in both ingoing and
outgoing directions from each numbered node [28].

upwards routes within the network, whereas destination advertisement objects
(DAOs) form downwards routes.

An RPL DODAG fits well to a smart city environment by leveraging multi-
hop communication to allow data to travel between high-density buildings, en-
suring reliable connectivity across urban landscapes, even with physical obstruc-
tions.

3 Methodology

3.1 Proposed Network

The proposed waste management network will feature nodes each belonging
to one of three classifications, each with a different role and objective on the
network. The three node types are presented as follows:

— Root Node - The control node that receives messages from all waste nodes
as it forms the root of the RPL DODAG. Situated onboard the collection
UAV, the node retains the capacity state of all waste nodes on the network,
electing the fullest to be emptied when necessary and idle. The node allows
time for the elected waste node to be gradually emptied before selecting the
next waste node to empty.

— Waste Node - Placed at the location of a waste container that is equipped
with the necessary sensory hardware required to measure the container’s
capacity. The node periodically transmits its current readings relying on the
RPL DODAG to communicate its information towards the root node.
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— Relay Node - Placed at an optimised location within the deployment area
to bridge communication gaps and therefore allow the RPL DODAG to form
in environments with large distances between waste nodes. In the context of
the Whitechapel case study environment outlined in Section 2.1, these nodes
could be located within other buildings located in the distances between
transport stations.

Figure 3 presents a block diagram illustrating the process steps and execution
frequency of each simulated node type as discussed above.

Smart bin process (Waste node) UAV process (Root node) Relay process (Relay node)
Every minute Every 30 minutes On data received

’ Measures capacity ‘ Fullest waste node identified UAV updates data store ‘ ’ Relay receives data ‘
T T T
Capacity status Smart bin location Data

rt

Consults RPL DODAG

’ Sends status to UAV ‘ ‘ UAV travels to location

T
Data
Receives ack from UAV ‘ Smart bin is emptied Relays to next destination

Fig. 3. A block diagram illustrating the process steps and execution frequency of each
simulated node type.

Smar
bin
D

UAV waits for next interval ‘

3.2 Simulations

To effectively assess the efficacy of our proposed coordination network, we will
conduct two simulational experiments within a Cooja environment. The details
of each simulation are presented below:

— Transmission Delays - To verify the average transmission delays that each
node will experience, all 21 waste nodes will be simulated with approximated
positions based on the positioning of transport stations in Whitechapel, Lon-
don as presented in Figure 1, resulting in the topology in Figure 4. Over 5
simulated hours, the differences in time between a waste node sending a
reading message and the root node receiving will be recorded in milliseconds
(ms) for each reading message sent on the network. Analysis of these met-
rics will provide insight into the communication rate of the proposed network
when utilised in realistic deployments.

— Waste Management - To ensure the proposals are sufficient at managing
waste levels, 5 waste nodes will be simulated with abstracted positions over
a simulated period of 10 hours.

The chosen Cooja environment parameters which have been selected for use
throughout both simulational assessments are presented in Table 2.
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Fig. 4. A screenshot of the simulated Cooja topology with the root node at the centre
of the image. The immediate communication radius of the root node is shown in green.
The position of each waste node is approximated from the distribution of transport
stations in the Whitechapel, London case study as depicted in Figure 1.

Table 2. The chosen Cooja environment parameters are to be used throughout both
simulational experiments in this study.

Parameter Value
Operating System Contiki-NG v4.9
Wireless Channel ModeUDGM (Constant Loss)
Seed 123456
Mote Type TMote Sky

Transmission Range 50m
Interference Range 50m
Tx Ratio 100%
Rx Ratio 100%

Finally, all code for recreating the simulation environment has been made
accessible at https://github.com/palzino/Waste-Management- WSN. This will
also include all simulational outputs and scripts used to analyse and make the
conclusions presented in this manuscript.

3.3 Waste Growth Model

To realistically estimate the growth of station waste over the simulation dura-
tion, a linear mathematical model of waste growth was assumed. Equation (1)
represents the station’s current capacity with Af denoting a discrete difference
in capacity and f denoting the capacity of the station as a percentage.
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T¢, if f < 100 and emptying # true
Af =< —10, if f > 0 and emptying = true (1)
0, otherwise

Station waste can be in either emptying or growing state, with r; repre-
senting a randomly selected growth value between 1 and 5. Whilst this is an ab-
stracted representation of waste growth suitable for our simulation which focuses
on assessing transmission delays, for a more realistic model, complex non-linear
mathematical growth models could also be considered.

4 Results

4.1 Transmission Delays

Figure 5 presents the average delays experienced by each node within the simu-
lated network for a 10-hour simulation. Delays are seen to be tolerable with the
majority of nodes experiencing around 100ms of latency and an overall average of
125ms whilst their readings travel through the RPL network. This demonstrates
the proposed algorithm’s strong efficacy and feasibility for future real-world de-
ployments. Interestingly, Figure 5 also suggests some nodes can have drastically
increased delays such as node 18. Further investigation identified that occasion-
ally node 18’s readings are dropped by the network before reaching the root
node. This can cause excessive waiting periods until another reading is trans-
mitted by the node because no packet re-delivery or fault tolerance system is
implemented in the simulated network.

Average Time Taken for New Readings to Reach the Root Node

Average Delay [ms]
= = N N w w B
o w o w o (% (=3
o o o o o o o

v
o

2 3 45 6 7 8 9 10111213 14 1516 17 18 19 20 21 22
Node ID

Fig. 5. A bar chart presenting the average time taken for new readings to be acknowl-
edged by the root after they are sent from each node.

It is worth noting that whilst these behaviours appear to be potentially dam-
aging, they present a negligible effect on the overall performance of the system as
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its operations are not time critical. Due to the root node’s scheduling algorithm,
the node will not elect a new station to be emptied until it has received readings
from all stations on the network.

Figure 6 presents a plot of the average delay of each node against its measured
Euclidean distance between itself and the root node denoted with ¢, as calculated
using Equation (2).

0 = |ng, — rp|| (2)

i

Where n,

root node.

Figure 6 shows a clear increase in average delay as the distance between the
node and the root node increases. This is attributed to the increased number of
hops the message has to take before arriving successfully at the root node. This
could pose potential issues for deployments in sparse cities, however optimal
placement of relay nodes would assist in reducing this.

is the vector position of node ¢ and rp, is the vector position of the

Average Delay over Distance from Root Node
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Fig. 6. A plot of the average delay over the measured Euclidean distance between each
simulated node and the root node.

4.2 Waste Management

With data collected from the waste management simulation as outlined in Sec-
tion 3.2, the proposed network’s ability to respond promptly to raising waste
levels can be analysed. Figure 7 clearly captures how at the beginning of each
30 minute interval, the fullest station is selected and gradually emptied over the
remaining 30 minutes, a visualisation indicating the proposed network is capable
of functioning successfully.

The variation in the steepness of each spike is caused by a station’s random
r¢ value changing each time it is fully emptied. This behaviour has been chosen



10 P.S. Gill et al.

=

Capacity of 5 Station Bins over Simulation Time

100
IDs
— ID:1
804 — ID:2
— ID:3
— |D:4
g 0l ID:5
z
G
@
Q
3 40 A
201
0 : " T T T
0 100 200 300 400 500 600

Time [m]

Fig. 7. A plot of the capacity percentages of the 5 simulated waste nodes over a 10-
hour simulation window.

to provide a more diverse representation of different station environments in the
simulation.

5 Conclusion and Future Work

In this paper, a novel RPL-based wireless sensor network capable of supporting
city-scale waste management infrastructure was proposed and evaluated. Simula-
tional experiments carried out within the Cooja environment in conjunction with
a case study based on transport stations within Whitechapel, London confirmed
that the proposed algorithms are suitable and effective for further exploration
and developments. Our proposed UAV-based system enhances waste manage-
ment by prioritising waste bins according to their fill level and using UAVs for
collection, thereby minimising emissions.

Future research efforts could extend this work by conducting more simula-
tions that feature enhanced mathematical models for waste build-up. Addition-
ally, future work should also be directed to investigate physical deployments of
the proposals for a more effective insight into their efficacy. Additionally, exten-
sions of our proposed network could integrate recent advances in AI and machine
learning to further optimise the UAV’s scheduling to respond more effectively to
diverse and dynamic novel scenarios.
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