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 This study develops a robust optimisation framework grounded in Multi-Source 
Minimum Spanning Trees (MS-MST), in which Kruskal’s Algorithm is 
systematically integrated with the Teaching–Learning-Based Optimisation 
(TLBO) technique to enhance the operational efficiency of solid waste collection 
systems. The proposed model is designed for semi-automatic collection and 
incorporates data from smart waste bins, enabling dynamic prioritisation of 
collection points based on real-time conditions. In doing so, it addresses well-
documented limitations of conventional routing approaches, particularly their 
reliance on static routes and single-depot structures. The model's performance 
was evaluated on a simulated network that reflects realistic urban waste-
collection conditions. The results indicate that the traditional collection system 
recorded a total traversal cost of 93 khrs. In contrast, the MS-MST framework 
achieved progressively lower costs across different configurations: 71 khrs for a 
single-source system, 65 khrs for a two-source system, and 60 khrs for a three-
source system. These outcomes correspond to a maximum cost reduction of 
35.48%, demonstrating the efficiency gains attainable through multi-source 
routing and metaheuristic optimisation. Further validation using real-world 
operational data reveals consistent improvements across key performance 
indicators, including reduced travel distance, lower fuel consumption, and shorter 
collection times. The findings demonstrate that the integration of MS-MST with 
TLBO offers a computationally efficient, scalable, and practically viable solution 
for modern urban waste management, particularly in environments characterised 
by decentralised collection infrastructure and variable waste-generation patterns. 
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1. Introduction  
 
Sustainable urban development depends on efficient solid 
waste collection that affects the health of the population, 
the quality of the environment, and the proper distribution 
of the municipal funds (Abdel-Shafy and Mansour, 2018). 
Rapid urbanisation and increasing waste generation have 
increased the pressure to find optimisation strategies that 
can enhance the effectiveness of operations without 
compromising environmental sustainability (Soares, 
2024). Nevertheless, most of the current systems of 
collections remain based on fixed routing networks and 
single depot constructions that do not always suit dynamic 
and spatially dispersed urban ecosystems (Noreña-
Zapata et al., 2024). To overcome these issues, this paper 
suggests a hybrid optimisation model that uses Kruskal's 
Algorithm along with Teaching-Learning-Based 
Optimisation (TLBO) to solve the Multi-source Minimum 
Spanning Tree (MS-MST) problem in solid waste 
collection.  

 
 
Although the application of minimum spanning tree 
models has been used in the field of logistics and 
network design, they have not been extended to the 
case of multi-source waste collection. The suggested 
solution builds a starting spanning structure with the 
Kruskal Algorithm and optimises it with TLBO to 
enhance the route distribution process among various 
collection sources. Besides the methodological 
contribution, the framework is designed to 
accommodate operational constraints like traffic, the 
level of bin capacity, and decentralised points of 
collection. This increases its relevance to the actual 
municipal systems in the real world, where routing 
choices must be made to respond to the evolving 
service demands. 
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The key contributions of the study are the following: 
 

1. Design of a Multi-Source Minimum Spanning 
Tree model specific to decentralised waste 
collection systems.  

2. A combination of deterministic and metaheuristic 
optimisation methods to enhance the efficiency of 
routing.  

3. Evidence of flexibility of the model to different 
operating situations in urban settings.  

 
The rest of the paper is structured in the following way. 
Section 2 provides a review of the relevant literature on 
waste collection optimisation. Section 3 provides the 
methodology and formulation of the model. Section 4 is 
the discussion of the results and performance 
evaluation. Section 5 summarises the research and 
gives future research directions. 
 

2. Literature Review 

The development of effective municipal solid waste 
collection systems has been greatly researched, 
especially when it comes to routing optimisation and 
minimisation of expenses. Ineffectiveness of the 
collection processes is usually associated with the 
inability to plan routes in an optimal way, which results 
in greater operational costs and use of resources 
(Abdel-Shafy and Mansour, 2018). To overcome these 
difficulties, various computational methods have been 
created, and specific attention has been paid to the 
routing optimisation subject to different operation 
conditions. 

 

2.1  Computational Methodologies for Waste 
Collection Optimisation 

 
Waste collection has employed a variety of 
optimisation techniques, with the Vehicle Routing 
Problem (VRP) and its modifications serving as the 
main modelling paradigm (Jao & Vallar, 2023). These 
strategies aim to meet capacity and schedule 
restrictions while lowering travelling distance, fuel 
consumption, and service time. Other metaheuristic 
algorithms that have been employed to maximise route 
flexibility in dynamic scenarios are Ant Colony 
Optimisation and Genetic Algorithms (Kapadia and 
Mehta, 2023; Kinobe et al., 2015). 
 
The latest trends in the field of smart waste 
management have brought about internet-of-things-
powered systems that can offer real-time information 
about the status of the bins. By enabling collection 
schedules to be promptly adjusted depending on actual 
demand, these systems can be used to make more 
responsive routing choices (Ali et al., 2023). Even 
though these methods enhance the responsiveness of 
the operations, they can be very computationally 
intensive and may need major investment in 
infrastructure. 
 

2.2  Comparison of MST with Vehicle Routing 
Problem (VRP) Approaches   

 
Another method used to design routes is the Minimum 
Spanning Tree (MST) model, and it is based on the 
development of an efficient network structure in terms of 
costs. By contrast to VRP-based methods, which are 
based on iterative optimisation and heuristic search, 
MST-based methods create a simplified network 
structure, minimising the total edge weight, yet ensuring 
connectivity. Multi-source MST builds on this idea by 
admitting to having many depots serving different areas 
of the network. Such a structure facilitates decentralised 
collection and minimises the chances of unnecessary 
travelling. In comparison to VRP methods, models based 
on MST tend to be less computationally demanding and 
have more stable solutions, especially in settings where 
predictable routing is needed (Wojciechowski et al., 
2021). 
 
 2.3 Comparative Study of Optimisation Approaches 
 
Classical MST models are useful when creating a fixed 
and low-cost network, but they do not necessarily 
assume variable phenomena like traffic or live bin fill 
levels. There is growing evidence of the fact that 
operations can be notably enhanced by using MST 
structures alongside sensor-driven data streams (Minh 
et al., 2022). GIS-related solutions also improve the 
development of a route by taking into consideration the 
characteristics of the road network, the level of 
population, and the distribution of waste generation 
locally (Elshaboury et al., 2024).  

 
The MS-MST model derived in this paper is an 
advancement of the classical MST, which incorporates 
a variety of sources and distribution points of the 
collection areas in accordance with the current waste 
volumes. By so doing, it provides a compromise 
between the very-static MST solutions, on the one 
hand, and the very-dynamic optimisation methods 
employed in machine-learning-based systems on the 
other. The result is a computationally efficient 
framework that is also sensitive to the changing 
conditions. 

 
 2.4 Rationale for the Hypothetical Network 
 
Reliable and comprehensive municipal waste data are 
not always available in developing urban areas. 
This study used a hypothetical network built in the 
layout of a genuine neighborhood in Lagos, Nigeria, to 
navigate around this problem. It is an approach that has 
been recognised as the best in earlier research 
(Takaendengan, 2017) and can be regulated and tested 
methodically without sacrificing substantial accuracy to 
yield meaningful results. It will be incorporated into 
actual municipal data in further research to assess the 
model's applicability in real-world situations. 
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  2.4.1 Potential for Real-World Implementation 
 
  Although it uses a model of a network, the MS-MST 
framework can be used by the municipal authorities 
based on data obtained with the help of the IoT-enabled 
bins, GPS-tracked vehicles, and data on waste history. 
Sources of publicly available data, such as curated 
datasets by international development organisations 
and national waste agencies, could also be useful 
sources of input. The MS-MST approach can make 
meaningful contributions to the modernisation of urban 
waste management systems when it is implemented as 
part of larger smart-city strategies that rely on GIS 
mapping and real-time monitoring. 

 
2.5  Addressing Gaps in Literature and 

Contributions 
 

Based on the review of the existing work, the following 
shortcomings are identified: 

• The current literature is highly focused on the VRP-
based and heuristic optimisation methods; little 
spanning-tree methods were explored. The 
traditional MST models typically use a single 
collection depot, and hence they are limited to a 
multi-source environment.  

• There is very little research based on MST that 
uses real-time data generated by the user or 
sensor.  

• There is limited contrastive analysis of MS-MST, 
classical MST and traditional routing techniques.  

 
This paper addresses these gaps by proposing an MS-
MST-based optimisation model, evaluating its 
performance in relation to the existing MST models, and 
showing how it can minimise the travel distances and 
operating costs. Connecting MS-MST to real-time waste 
monitoring, the research also identifies the future 
opportunities for the development of smarter and more 
sustainable urban waste management solutions.  
 
2.6 Classical Minimum Spanning Tree (MST) 
 
Minimum Spanning Tree (MST) is a well-known concept 
in graph theory, which is applied to connect a group of 
nodes in a manner that the weight of the connecting 
edges is minimised as much as possible, but the 
network is connected and has no cycles. It has been 
used extensively in fields like communication networks, 
transportation planning, and logistics (Chen, 2023; 
Zhang, 2023). Municipal solid waste collection can be 
exploited in the context of the MST, which may serve as 
a basic framework to develop an efficient collection 
route. It can also help in decreasing the total amount of 
fuel and fuel efficiency by connecting the collection 
points in a manner that decreases the total distance of 
travel. The most frequent approaches to building a 
Minimum Spanning Tree are the Kruskal algorithm and 
the Prim algorithm (Zhang, 2023). Chen (2023) goes 
further to state that MSTs have several characteristic 
features: 

1. Spanning Tree: It connects all vertices in the 
graph. 

2. Minimum Weight: among all possible spanning 
trees, it has the lowest total edge cost. 

3. No Cycles: as a tree structure, each pair of 
vertices is connected by exactly one path. 

  

 The pseudocode for generating a classical MST is 
presented below: 

 

Algorithm for Classical Single Source MST 
 

Initialise: Start with an empty set of vertices VMST and 
an empty set of edges EMST. Add the source 
vertex to VMST. 
Select Minimum Edge: Repeat until all vertices 
are in VMST: 

Select the minimum-weight edge that 
connects a vertex in VMST to a vertex, not 
in VMST. 
Add this edge to EMST and the 
corresponding vertex to VMST. 

Repeat Step 2: Continue selecting minimum-
weight edges until all vertices are included in 
VMST . 

Output: The resulting set of edges EMST forms the 
minimum spanning tree rooted at the specified 
source vertex 

Overall, MSTs can be used in many different fields, 
including creating efficient communication networks, 
road networks, and electrical grids, cluster analysis and 
medical imaging (Van Dellen et al., 2018; Şaar and 
Topcu, 2021; Mayala et al., 2022; Hasanatu and Boah, 
2024). 

2.7 Multi-Source Minimal Spanning Tree 
 

The Multi-Source Minimal Spanning Tree (MS-MST) 
methodology, in contrast to the classical MST, which 
presupposes the use of a single depot, uses multiple 
starting points in the development of a spanning tree. The 
given development assists in allowing simultaneous 
waste collection truck deployments across various 
locations, thus allowing the waste collection to be more 
balanced and efficient (Bergantiños & Lorenzo, 2021). 
The waste collection is spread among various sources, 
which results in MS-MST minimising travel distance, fuel 
consumption and overall operation expenses. The MS-
MST will make sure that the waste bins or collection 
points are allocated to the closest depot, where the 
process of MSW collection can be done, which enhances 
the routing system. This is more so in a major city where 
the rate of waste production is different in various places. 
Multi-Source Minimum Spanning Tree (MS-MST) 

Algorithm 

Let G = (V, E) be a connected, weighted, undirected 
graph, where: 
• V is the set of nodes (waste collection points) 
• E is the set of edges, with weights w(e) representing 

traversal cost 
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Let S = {s₁, s₂, …, s_k} ⊆ V denote the set of source 
nodes (collection depots). 
 

Initialisation: 

For each source node s_i ∈ S, initialise a tree T_i = 

{s_i}. 
Let U = V \ S be the set of unconnected nodes. 
Initialise E* = ∅. 
 
Iterative Step: 

While U ≠ ∅, perform the following: 

1. Select the minimum-weight edge (u, v) such that: 

• u ∈ T_i for some tree T_i 

• v ∈ U 

2. Add edge (u, v) to E* 
3. Update the tree: 

   T_i ← T_i ∪ {v} 

4. Remove v from the unconnected set: 

   U ← U \ {v} 
 

Termination: 
The process continues until all nodes are connected (U 
= ∅). 
 

Output: 
The resulting MS-MST is G* = (V, E*), which minimises 
total traversal cost. The results indicate that this multi-
source formulation enables simultaneous expansion 
from multiple depots, thereby reducing redundant 
traversal and improving overall routing efficiency. 
 
3. Methodology 

3.1 Research Design 

The research design embraced in the study is an 
optimisation-based research design to determine the 
effectiveness of various network structures in solving 
the multi-source minimum spanning tree problem in 
solid waste collection. It is a combination of the Kruskal 
Algorithm and the Teaching Learning Based 
Optimisation method that facilitates the construction of 
routes and the overall efficiency of the route 
construction. The reason why it has been chosen as the 
Multi-Source Minimum Spanning Tree (MS-MST) is the 
fact that it is an effective way to distribute the tasks of 
collection among multiple depots. In contrast to single-
source MST models that tend to generate an 
imbalanced workload and unnecessarily long routes, 
the collection points of MS-MST are more evenly 
distributed. This results in fuel consumption and travel 
distance savings and is similar to the way municipal 
waste collection systems usually work, whereby there 
are several collection points or depots within the same 
area. 

3.2 Network Representation 

The waste collection system is modelled as a weighted, 
undirected graph G = (V, E), where: 

• V denotes the set of waste collection points 
(nodes)   

• E denotes the set of edges connecting nodes, 
with weights w(e) representing traversal cost   

 

The model incorporates multiple source nodes to reflect 
the decentralised structure commonly found in urban 
waste collection systems. 

3.3 Edge Weight Assignment 

The weight assigned to each edge in the network is 
based on several factors: 

• Travel distance: the physical distance 
between collection points. 

• Road conditions: higher congestion or rough 
terrain increases edge weights. 

• Bin capacity constraints: edges leading to 
bins nearing full capacity may receive higher 
weights to support better load management. 

• One-way traffic restrictions: where 
applicable, these create an asymmetrical cost 
structure. 

Figures 1 to 4 present the various network 
configurations used in the analysis. Each structure was 
examined to determine how different topologies 
influence routing efficiency. 

3.4 Test Network 

The test network is a residential estate in Lagos, Ogba, 
which has a number of neighbourhoods (source 
vertices) and several collection points. The objective 
was to come up with a collection route that would 
promote the least amount of overall travel distance but 
make sure that all neighbourhoods are well served. The 
choice of this place was based on its clear road network, 
the differences in the amount of waste produced in 
different neighbourhoods, and the attempt to 
operationalise the location based on the real-life 
situation when it comes to waste collection. 

3.5 Optimisation Approach 

The optimisation procedure combines Kruskal’s 
Algorithm and TLBO in two main phases. 

Phase 1: Construction of the MS-MST using 
Kruskal’s Algorithm 

• All edges are sorted in ascending order of 
weight. 

• A disjoint-set structure is used to build the MS-
MST by adding the lowest-weight edges that do 
not form cycles. 

• The resulting spanning tree retains multiple 
sources and minimises total route cost. 
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Phase 2: Route optimisation using TLBO. 

TLBO has been chosen because of its simplicity and 
because of its capacity to optimise the quality of the 
route without a vast number of parameters to be altered. 
In contrast to Genetic Algorithms or Particle Swarm 
Optimisation, TLBO does not have mutation or velocity 
parameters that allow minimisation of computational 
needs.  

Teacher stage: the best MS-MST is located and 
exploited to steer other candidate solutions to better 
performance by varying their edge weights and node 
priorities.  

Learner phase: The candidate solutions further refine 
themselves as a result of pairwise learning exchanges, 
and a slow progression is made towards an ideal route 
structure. Stopping criteria were as follows:  

• The decrease in route cost changes below 0.1 
per cent in five successive rounds.  

• The algorithm involves 100 iterations. 

• Computation time is limited to a set limit, which 
is based on the size of the network. 

Evaluation criteria 

In order to maintain consistency in the performance 
measurement, the total travelling cost (in khrs) is 
identified as the main optimisation criterion. This metric 
combines the values of travel time, operating cost and 
fuel consumption into one measure. The distance (km), 
fuel consumed (litres), and the time (minutes) of the 
collection are all secondary indicators, and their 
purpose is to be compared with the real-world data. The 
optimised MS-MST was evaluated by the use of:  
 

• Total route cost: the sum of the weights of all 
the edges.  

• Computation time: time required to give the 
optimised solution. 

• Scalability: small, medium and large network 
performance.  

• Consistency: similarity of the results in the 
repeated runs. 

 
Comparative analysis 
 

The model was compared to its performance: 

• Krustal's Algorithm of the MST, which does not use 
TLBO, and Prim's Algorithm. 

• Other network structures determine the impact of 
topology variations on the efficiency of routes. 

• Physical waste collection paths in the study region. 

Improvement in route cost and computational 
performance made by TLBO. 

3.6 Model Validation 

To achieve the reliability of the optimised MS-MST, 
several validation steps were completed: 
 

• Past waste data: optimised routes were against 
the actual municipal collection trends to 
ascertain the feasibility. 

• Sensitivity analysis: the model was put through 
the test of varying traffic conditions, bin 
capacities, and vehicle constraints to determine 
robustness. 

• Professional feedback: The waste 
management professionals reviewed the 
practice to assess its practical appropriateness. 

This methodology offers a systematic and feasible 
framework for assessing MS-MST optimisation 
regarding urban collection of waste. The combination of 
algorithms offered by Kruskal and TLBO allows 
achieving a flexible and efficient routing system, and the 
addition of the real-world considerations of the road 
conditions, bin capacity and traffic patterns makes the 
proposed method even more applicable. 

4. Results and Analysis 

This part depicts the outcomes of the research, 
evaluates the efficiency of various waste collection 
approaches, computing capability, and scalability. The 
Traditional, Semi-Automatic and Autonomous Waste 
Collection Systems are analysed, and the optimisation 
methods include Minimum Spanning Tree (MST), Multi-
Source MST (MS-MST) and the Teaching-Learning-
Based Optimisation (TLBO). The paper also evaluates 
the feasibility of the study by comparing the optimised 
path with the actual data of waste collection. 

4.1 Computation Time Analysis 

The performance of the MS-MST + TLBO system in 
computation was compared to other routing procedures 
based on MST. The average time of computation of 
each method is shown in Table 1 below: 

Table 1. Comparison of Computation Times for MST Algorithms 

Algorithm Computation Time (seconds) 

Kruskal’s MST 12.4 

Kruskal’s + TLBO 9.8 

Prim’s MST 14.1 

The findings indicate that Kruskal with TLBO MST had 
a lower computation time (by 21 per cent) than 
standalone Kruskal MST algorithms. This proves the 
effectiveness of TLBO in optimising waste collection 
paths without substantially raising the computational 
cost. 
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4.2 Scalability Assessment 

To evaluate the robustness of the proposed system, 
simulations were conducted with varying numbers of 
waste bins (vertices) and collection points (edges). The 
system maintained efficiency, with only a marginal 
increase in computation time as network complexity 
increased, as shown in Table 2. These results confirm 
that the MS-MST + TLBO approach can be effective 
when the number of waste bins and collection points is 
increased, which makes it appropriate in the case of 
large-scale applications. 

Table 2. Performance Comparison of MST Algorithms by Network 
Size 

Network Size 
(Vertices) 

Total Distance 
(km) 

Computation 
Time (s) 

50 89.2 5.4 

100 145.8 8.7 

150 203.1 12.1 

 

4.3 Consistency of Solutions 

To determine the stability of the model, several 
iterations were conducted under the same conditions. 
The waste collection paths induced by TLBO were also 
the same in different runs, with a deviation of less than 
2.3 per cent in the total cost of the route. This makes the 
optimisation process reliable in converging to near-
optimal solutions and not very varied. 

4.4 Waste Collection Network Analysis 

This part compares the effectiveness of various waste 
collection plans according to the MS-MST + TLBO 
optimisation model. The findings show that routing 
based on optimisation is much more efficient in terms of 
traversal than the conventional system. 

4.4.1 Traditional System of Waste Collection 

Under the standard system, the waste collection trucks 
follow set routes whether the bins were picked up or not. 
The findings reveal that this strategy results in a waste 
of time and money on travel. The average traversal time 
of the conventional system was 93 khrs, indicating 
inefficiency in the static routing structures. 

The traditional method of waste collection, as 
represented in Figure 1, is that of the trucks on a fixed 
route regardless of the fullness of the bin. The 
cumulative overhead of such an approach was 93 khrs, 
and this figure demonstrates inefficiency in terms of 
redundant travel and sub-optimal routing. 

 

 
  Figure 1. Hypothetical Network for Traditional System of Waste 
Collection 

4.4.2  Waste Collection with Single-Source MST 
(MS-MST + TLBO) 

 
The use of the TLBO-improved single-source MST 
minimised the total traversal cost to 71 khrs. The results 
prove that optimisation-based routing improves path 
selection that allows for the reduction of redundant 
traversal of edges. This is a 23.66% cost-saving when 
compared to the traditional system. 
 

 
Figure 2. Hypothetical Network for Waste Collection with a   
Single Source 

4.4.3  Waste Collection with Two-Source MST        
(MS-MST + TLBO) 

 

An additional reduction of the cost of traversal to 65 khrs 
was achieved by introducing a second collection 
source. The findings reveal that the benefits of 
spreading the collection activities among many sources 
are that the route overlap is minimised, and the 
coverage of the network is better. The suggested 
solution is superior to the single-source mode and 
incurs a reduction in traversal cost by 30.11 per cent 
compared to the conventional system. In Figure 3, the 
configuration is indicated whereby nodes A and T have 
been identified as collection sources. The results 
indicate that the adoption of TLBO facilitates the 
process of segmenting the routes through the 
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identification of the best routes that exist between 
network nodes. This optimisation reduces unnecessary 
travel and improves overall routing efficiency, resulting 
in a measurable improvement in system performance. 
 

 
     Figure 3. Hypothetical Network for Waste     Collection with 

Two Sources 

4.4.4 Waste Collection with Three-Source MST     
(MS-MST + TLBO) 

 
The total traversal cost was reduced to 60 khrs with 
three sources of collection. As Figure 4 illustrates, with 
the addition of various sources, the allocation of the 
points of collection will be more balanced, which will 
lead to the necessity of fewer unnecessary travel 
routes. The results show that such a layout improves 
the efficiency of routing over the network. Compared to 
single-source and two-source systems, the proposed 
model is the best as it yields a maximum cost saving of 
35.48 per cent in comparison with the traditional 
system. This implies that an increase in the collection of 
sources will lead to better operational performance. 
These findings are summarised in Table 3 and show a 
steady efficiency increase with an increase in the 
number of sources. 
 

    
   Figure 4. Hypothetical Network with Three Sources 

Table 3. Cost Reduction in Waste Collection Using MST Strategies 
Collection Method Total Cost (khrs) Cost Reduction (%) 

Traditional System 93 - 

Single-Source MST 71 23.66% 

Two-Source MST 65 30.11% 

Three-Source MST 60 35.48% 

4.5  Comparison with Real-World Waste Collection 
Routes 

A comparison with actual data on waste collections in a 
residential estate in Ogba, Lagos, revealed that 
efficiency increased considerably: 
 
Table 4. Comparative Evaluation of MS-MST + TLBO and Real-
World Collection Metrics  

Evaluation Metric Real-World Data MS-MST + TLBO 
Average Distance 

per Trip (km) 
210.5 158.3 

Fuel Consumption 
(Litres) 

85.3 62.4 

Collection Time 
per Route (mins) 

143.2 112.5 

 
Table 4 presents the comparative results. The 
comparative outcome, including the results of the 
proposed enhancement techniques, shows that the 
TLBO-based enhancement of the MS-MST leads to 
reduced fuel consumption (a decrease of 26.9 per cent) 
and a reduction in collection time of 21.4 per cent. 
These results highlight the practical relevance of the 
model and demonstrate its applicability to real-world 
waste collection systems. These advantages 
emphasise the practical usefulness of the strategy and 
its applicability in the real world. 
                                                                            

5. Discussion of Findings 

 

The findings demonstrate that the combination of MS-
MST and TLBO results in the efficiency of waste 
collection. The resultant minimisation of traversal cost in 
all configurations is an indication of the efficiency of multi-
source routing in the reduction of operational 
inefficiencies. The outcomes reveal that the more the 
sources of collections there are, the better the route 
allocation and the fewer redundancies in travelling. It 
indicates that decentralised routing structures are more 
appropriate in urban waste collection systems that have 
spatial variation in waste production. The proposed 
model can also be applied to real-life data, and its validity 
is further supported by comparison with real-life data. The 
reported results of the shortening of the travel distance, 
fuel consumption, and collection time show that the 
optimisation framework can be successfully implemented 
in real practice. The given model is superior to traditional 
routing strategies as it offers a compromise between the 
efficiency of calculations and performance. 

 

6. Conclusion 

The findings indicate that incorporating MS-MST + 
TLBO is a successful way of reducing the cost of waste 
collection and improving efficiency. This solution offers 
a scalable and smart routing that can be modified to 
real-life situations related to municipal waste 
management as a measure towards sustainability. 



Abolade D. Omiyalea, Olumide F. Odeyinka, Folorunso O. Ogunwolu 

28   Journal of Road and Traffic Engineering, LXXII, 2/2026, 21-28 

 

Acknowledgements 
This work was supported by the Department of Systems 
Engineering, University of Lagos, Nigeria. 

 

References  
 

[1] Abdel-Shafy, H. I., & Mansour, M. S. M. (2018). Solid waste issue: Sources, 
composition, disposal, recycling, and valorisation. Egyptian Journal of Petroleum, 
27(4), 1275–1290. https://doi.org/10.1016/j.ejpe.2018.07.003 

[2] Ali, B., Javed, M. A., Alharbi, A. A. K., Alotaibi, S., & Alkhathami, M. (2023). Internet 
of Things-assisted vehicle route optimisation for municipal solid waste collection. 
Applied Sciences, 14(1), 287. https://doi.org/10.3390/app14010287 

[3] Ammouriova, M., Herrera, E. M., Neroni, M., Juan, Á. A., & Faulín, J. (2022). 
Solving vehicle routing problems under uncertainty and in dynamic scenarios: From 
simheuristics to agile optimisation. Applied Sciences, 13(1), 101. 
https://doi.org/10.3390/app13010101 

[4] Andersson, C., & Stage, J. (2018). Direct and indirect effects of waste management 
policies on household waste behaviour: The case of Sweden. Waste Management, 
76, 19–27. https://doi.org/10.1016/j.wasman.2018.03.038 

[5] Aringhieri, R., Bruglieri, M., Malucelli, F., & Nonato, M. (2018). A special vehicle 
routing problem arising in the optimisation of waste disposal: A real case. 
Transportation Science, 52(2), 277–299. https://doi.org/10.1287/trsc.2016.0731 

[6] Arribas, C. A., Blázquez, C., & Lamas, A. (2009). Urban solid waste collection 
system using mathematical modelling and tools of geographic information systems. 
Waste Management &Amp; Research: The Journal for a Sustainable Circular 
Economy, 28(4), 355-363. https://doi.org/10.1177/0734242x09353435 

[7] Bai, R., Chen, X., Chen, Z., Cui, T., Gong, S., He, W., … & Zhang, H. (2021). 
Analytics and machine learning in vehicle routing research. ArXiv. 
https://doi.org/10.48550/arxiv.2102.10012 

[8] Bergantiños, G., & Lorenzo, L. (2021). Cost additive rules in minimum cost 
spanning tree problems with multiple sources. Annals of Operations Research, 
301(1–2), 5–15. https://doi.org/10.1007/s10479-020-03868-2 

[9] Bhargava, K., Singhal, A., Gupta, R. K., & Shrinivas, A. B. (2019). Genetic algorithm 
to optimise solid waste collection. International Conference of Recent Trends in 
Environmental Science and Engineering. https://doi.org/10.11159/rtese19.110 

[10] Brunner, P. H., & Rechberger, H. (2015). Waste to energy – key element for 
sustainable waste management. Waste Management, 37, 3–12. 
https://doi.org/10.1016/j.wasman.2014.02.003 

[11] Carlos, M., Izquierdo, A. G., Edo-Alcón, N., & Abaso, J. R. (2019). Influence of the 
municipal solid waste collection system on the time spent at a collection point: a 
case study. Sustainability, 11(22), 6481. https://doi.org/10.3390/su11226481 

[12] Chen, J. (2023). The analysis and application of Prim algorithm, Kruskal algorithm, 
Boruvka algorithm. Applied and Computational Engineering, 19(1), 84–89. 
https://doi.org/10.54254/2755-2721/19/20231012 

[13] Dangi, M. B., Schoenberger, E., & Boland, J. J. (2017). Assessment of 
environmental policy implementation in solid waste management in Kathmandu, 
Nepal. Waste Management & Research, 35(6), 618–626. 
https://doi.org/10.1177/0734242X17699683 

[14] Das, S., & Bhattacharyya, B. Kr. (2015). Optimisation of municipal solid waste 
collection and transportation routes. Waste Management, 43, 9–18. 
https://doi.org/10.1016/j.wasman.2015.06.033 

[15] Dellen, E. v., Sommer, I. E., Bohlken, M. M., Tewarie, P., Draaisma, L. R., Zalesky, 
A., … & Stam, C. J. (2018). Minimum spanning tree analysis of the human 
connectome. Human Brain Mapping, 39(6), 2455–2471. 
https://doi.org/10.1002/hbm.24014 

[16] Donkor, S. A., Forkuo, E. A., Oduro-Kwarteng, E. K., & Sampson. (2018). Optimal 
Routing of Solid Waste Collection Trucks: A Review of Methods. Journal of Civil 
and Structural Engineering. Available at Wiley Online 
Library: https://onlinelibrary.wiley.com/doi/10.1155/2018/45863765. 

[17] Elshaboury, N., Hesham, A., & AlMetwaly, W. M. (2024). Optimal site selection for 
construction and demolition waste disposal using GIS-FAHP: A case study from 
Kafr El Sheikh City, Egypt. Environmental Science and Pollution Research, 31(5), 
8223–8239. https://doi.org/10.1007/s11356-023-31637-8 

[18] Hannan, M. A., Hossain Lipu, M. S., Akhtar, M., Begum, R. A., Al Mamun, M. A., 
Hussain, A., Mia, M. S., & Basri, H. (2020). Solid waste collection optimisation 
objectives, constraints, modelling approaches, and their challenges. Journal of 
Cleaner Production, 277, 123557. https://doi.org/10.1016/j.jclepro.2020.123557 

[19] Haque, K. F., Zabin, R., Yelamarthi, K., Yanambaka, P., & Abdelgawad, A. (2020). 
An IoT-Based Efficient Waste Collection System with Smart Bins. 2020 IEEE 6th 
World Forum on Internet of Things (WF-IoT), 1–5. https://doi.org/10.1109/WF-
IoT48130.2020.9221251 

[20] Hasanatu, Z., & Boah, D. K. (2024). Rural electrification of selected areas in the 
Northern Region of Ghana viewed as a minimum spanning tree problem. Earthline 
Journal of Mathematical Sciences, 841–871. 
https://doi.org/10.34198/ejms.14424.841871 

[21] Hashim, F., Houssein, E., Hussain, K., Mabrouk, M., & Al-Atabany, W. (2022). 
Honey badger algorithm: New metaheuristic algorithm for solving optimisation 
problems. Mathematics and Computers in Simulation, 192, 84–110. 
https://doi.org/10.1016/j.matcom.2021.08.013 

[22] Henaien, A., Ben Elhadj, H., & Chaari Fourati, L. (2024). A sustainable smart IoT-
based solid waste management system. Future Generation Computer Systems, 
157, 587–602. https://doi.org/10.1016/j.future.2024.03.056 

[23] Jao, J. R., & Vallar, E. A. (2023). Optimisation of the routing problem using the 
physics-based electromagnetism-like algorithm. IOP Conference Series: Materials 
Science and Engineering, 1294(1), 012042. https://doi.org/10.1088/1757-
899X/1294/1/012042 

[24] Kanchanabhan, T., Mohaideen, J., Srinivasan, S., & Sundaram, V. (2010). 
Optimum municipal solid waste collection using geographical information system 
(GIS) and vehicle tracking for Pallavapuram municipality. Waste Management & 
Research: The Journal for a Sustainable Circular Economy, 29(3), 323–339. 
https://doi.org/10.1177/0734242X10366272 

[25] Kapadia, N., & Mehta, R. (2023). Dynamic route optimisation for iot-based 
intelligent waste collection vehicle routing system. Intelligent Decision 
Technologies, 17(3), 751–772. https://doi.org/10.3233/IDT-230032 

[26] Mayala, S., Herdlevær, I., Haugsøen, J. B., Anandan, S., Gavasso, S., & Brun, M. 
(2022). Brain Tumor Segmentation Based on Minimum Spanning Tree. Frontiers in 
Signal Processing, 2. https://doi.org/10.3389/frsip.2022.816186 

[27] Minh, Q. T., Tan, D. P., Le Hoang, H. N., & Nhat, M. N. (2022). Effective traffic 
routing for urban transportation capacity and safety enhancement. IATSS 
Research. https://doi.org/10.1016/j.iatssr.2022.10.001 

[28] Noreña-Zapata, D., Restrepo-Vallejo, J., Morillo-Torres, D., & Gatica, G. (2024). A 
novel exact and heuristic solution for the periodic location-routing problem applied 
to waste collection. Processes, 12(8), 1557. https://doi.org/10.3390/pr12081557 

[29] Parsons, T., Seo, J., & Livesey, D. (2023). Waste collection area generation using 
a 2 stage cluster optimisation process and gis data. IEEE Access, 11, 11849-
11859. https://doi.org/10.1109/access.2023.3241626 

[30] Priyadarshi, M., Maratha, M., Anish, M., & Kumar, V. (2023). Dynamic routing for 
efficient waste collection in resource-constrained societies. Scientific Reports, 
13(1). https://doi.org/10.1038/s41598-023-29593-x 

[31] Rachmawati, N., Iskandar, Y., Putri, D., & Lusiani, M. (2023). A genetic algorithm 
approach for waste collection using multi-trip multi-period capacitated vehicle 
routing problem with time windows (mcvrptw).. 
https://doi.org/10.46254/an13.20230217 

[32] Şaar, F., & Topcu, A. E. (2021). Minimum spanning tree‐based cluster analysis: A 
new algorithm for determining inconsistent edges. Concurrency and Computation: 
Practice and Experience, 34(9). https://doi.org/10.1002/cpe.6717 

[33] Soares, R. (2024). Evaluating the efficiency of public expenditure in municipal 
waste collection: A comparative study of Portuguese municipalities. Environmental 
Economics, 15(1), 203–216. https://doi.org/10.21511/ee.15(1).2024.15 

[34] Song, T., & Liu, N. (2025). Application and research of particle swarm optimisation 
algorithm in cloud data backup. Second International Conference on Big Data, 
Computational Intelligence, and Applications (BDCIA 2024), 49. 
https://doi.org/10.1117/12.3059171 

[35] Takaendengan, T., Padmi, T., Sembiring, E., & Damanhuri, E. (2017). Equation 
model for municipal solid waste collection and transportation in Manado 
City. GEOMATE Journal, 13(40), 101-106. 

[36] Tavares, G., Zsigraiová, Z., Semião, V., & Carvalho, M. (2009). Optimisation of 
MSW collection routes for minimum fuel consumption using 3D GIS modelling. 
Waste Management, 29(3), 1176–1185. 
https://doi.org/10.1016/j.wasman.2008.07.013 

[37] Ticha, H., Absi, N., Feillet, D., & Quilliot, A. (2018). Vehicle routing problems with 
road‐network information: state of the art. Networks, 72(3), 393-406. 
https://doi.org/10.1002/net.21808 

[38] Wojciechowski, Ł., Cisowski, T., & Małek, A. (2021). Route optimisation for city 
cleaning vehicle. Open Engineering, 11(1), 483-498. https://doi.org/10.1515/eng-
2021-0049 

[39] Wu, H., Tao, F., & Yang, B. (2020). Optimization of Vehicle Routing for Waste 
Collection and Transportation. Semantic Scholar. Available 
at: https://www.semanticscholar.org/paper/Optimization-of-Vehicle-Routing-for-
Waste-and-Wu-Tao/4b6677d3c7dd97400d82f3d554e2469e81f95c82?p2df2. 

[40] Xue, J., & Shen, B. (2020). A novel swarm intelligence optimisation approach: 
Sparrow search algorithm. Systems Science & Control Engineering, 8(1), 22–34. 
https://doi.org/10.1080/21642583.2019.1708830 

[41] Zhang, R. (2023). The comparison of three MST algorithms. Applied and 
Computational Engineering, 17(1), 191–197. https://doi.org/10.54254/2755-
2721/17/20230939 

 

https://doi.org/10.1016/j.ejpe.2018.07.003
https://doi.org/10.3390/app14010287
https://doi.org/10.3390/app13010101
https://doi.org/10.1016/j.wasman.2018.03.038
https://doi.org/10.1287/trsc.2016.0731
https://doi.org/10.1177/0734242x09353435
https://doi.org/10.48550/arxiv.2102.10012
https://doi.org/10.1007/s10479-020-03868-2
https://doi.org/10.11159/rtese19.110
https://doi.org/10.1016/j.wasman.2014.02.003
https://doi.org/10.3390/su11226481
https://doi.org/10.54254/2755-2721/19/20231012
https://doi.org/10.1177/0734242X17699683
https://doi.org/10.1016/j.wasman.2015.06.033
https://doi.org/10.1002/hbm.24014
https://onlinelibrary.wiley.com/doi/10.1155/2018/4586376
https://onlinelibrary.wiley.com/doi/10.1155/2018/4586376
https://doi.org/10.1007/s11356-023-31637-8
https://doi.org/10.1016/j.jclepro.2020.123557
https://doi.org/10.1109/WF-IoT48130.2020.9221251
https://doi.org/10.1109/WF-IoT48130.2020.9221251
https://doi.org/10.34198/ejms.14424.841871
https://doi.org/10.1016/j.matcom.2021.08.013
https://doi.org/10.1016/j.future.2024.03.056
https://doi.org/10.1088/1757-899X/1294/1/012042
https://doi.org/10.1088/1757-899X/1294/1/012042
https://doi.org/10.1177/0734242X10366272
https://doi.org/10.3233/IDT-230032
https://doi.org/10.3389/frsip.2022.816186
https://doi.org/10.1016/j.iatssr.2022.10.001
https://doi.org/10.3390/pr12081557
https://doi.org/10.1109/access.2023.3241626
https://doi.org/10.1038/s41598-023-29593-x
https://doi.org/10.46254/an13.20230217
https://doi.org/10.1002/cpe.6717
https://doi.org/10.21511/ee.15(1).2024.15
https://doi.org/10.1117/12.3059171
https://doi.org/10.1016/j.wasman.2008.07.013
https://doi.org/10.1002/net.21808
https://doi.org/10.1515/eng-2021-0049
https://doi.org/10.1515/eng-2021-0049
https://www.semanticscholar.org/paper/Optimization-of-Vehicle-Routing-for-Waste-and-Wu-Tao/4b6677d3c7dd97400d82f3d554e2469e81f95c82?p2df
https://www.semanticscholar.org/paper/Optimization-of-Vehicle-Routing-for-Waste-and-Wu-Tao/4b6677d3c7dd97400d82f3d554e2469e81f95c82?p2df
https://www.semanticscholar.org/paper/Optimization-of-Vehicle-Routing-for-Waste-and-Wu-Tao/4b6677d3c7dd97400d82f3d554e2469e81f95c82?p2df
https://doi.org/10.1080/21642583.2019.1708830
https://doi.org/10.54254/2755-2721/17/20230939
https://doi.org/10.54254/2755-2721/17/20230939

