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ABSTRACT

The increasing volume of household waste in rural areas has created challenges in
transportation management, particularly in determining efficient waste collection routes. This
study aims to optimize waste transportation routes in Marga Village, Tabanan Regency,
focusing on Banjar Basa and Banjar Tembau, which have distinct topographical and
settlement characteristics. The optimization process was formulated as a Capacitated Vehicle
Routing Problem (CVRP) and solved using the Ant Colony Optimization (ACO) algorithm.
The research began by modeling the waste collection points as graph vertices, with roads
serving as edges weighted by distance. Simulation results showed that Banjar Basa, which
has a larger area and more collection points, required two trips to cover all nodes, whereas
Banjar Tembau required only one trip due to its smaller and denser topology. The ACO
algorithm successfully identified the shortest and most efficient route configuration, with
pheromone updates guiding the convergence toward the global optimum. The combination
of parameters \alpha=1.0,\ \beta=5.0,\ \rho=0.5, Q=100 vyielded stable convergence and
effective route minimization. These results demonstrate that ACO is a robust and adaptive
approach for optimizing waste transportation systems in rural regions, offering a sustainable
solution for reducing operational costs and improving environmental quality.

Keywords: Ant Colony Optimization (ACO), Capacitated Vehicle Routing Problem (CVRP),
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. Introduction

Waste management remains one of the major challenges faced by many villages in
Indonesia, including Marga Village, located in Marga District, Tabanan Regency. This village
covers an area of 2.62\ km? and has a population of 3,084 residents [1]. With the continuous
growth of the population and the expansion of residential areas, the volume of household waste
increases each year[2],[3]. This condition calls for the implementation of an efficient waste
transportation system to prevent adverse impacts on the environment and public health.

This research focuses on Banjar Basa and Banjar Tembau in Marga Village, which are
densely populated areas with narrow road access. The absence of fixed collection schedules
and routes often causes waste collection workers to travel along non-optimal routes, leading
to higher fuel consumption, increased operational costs, collection delays, and waste
accumulation. Therefore, these conditions provide a basis for conducting shortest route
optimization to generate more efficient collection routes, reduce travel distance, improve
vehicle capacity utilization, and support a more systematic waste transportation process.
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To address these issues, this study proposes the application of the Capacitated Vehicle
Routing Problem (CVRP) approach, which considers vehicle capacity constraints in
distributing waste loads. CVRP enables the design of efficient routes while ensuring that each
vehicle operates within its load capacity limits. To solve the problem, the Ant Colony
Optimization (ACO) algorithm is employed a metaheuristic inspired by the collective foraging
behavior of ant colonies in discovering the shortest paths to food sources.

Ant Colony Optimization (ACO) and its variants have been extensively developed to
enhance routing efficiency in combinatorial optimization problems. Okrah et al. demonstrated
that incorporating velocity-based heuristics in Ant Colony System (ACS) improves
convergence speed by up to 39%][4], while Li et al. showed that a hybrid APF-ACO approach
effectively avoids local optimal in dynamic navigation scenarios through the integration of
speed, positional, and geometric constraints[5].

For capacitated routing, several studies have refined ACS to address the Capacitated
Vehicle Routing Problem (CVRP). Mutar et al. employed a subpath-based transition
mechanism to reduce travel distance[6], whereas Ahmed et al. introduced the Enhanced ACS
(EACS), combining KNN initialization and local search strategies to improve exploration and
route quality. These advancements align with the growing adoption of multi-objective ACS
frameworks to simultaneously optimize distance and fleet utilization[7].

The practicality of ACO has been validated through various real-world spatial routing
scenarios. Teguh et al. and Suryana et al. successfully optimized multi-destination travel routes
using ACO with high computational efficiency, demonstrating its adaptability to preference-
based, multi-stop routing environments[8],[9].

In the field of waste collection logistics, ACO has been applied under both indoor and
outdoor operational constraints. Tomitagawa et al. developed an energy-aware ACO
framework for indoor robotic waste collection by integrating path distance and waste load into
the heuristic function[10]. Furthermore, Okrah et al. applied a modified bi-objective ACS
model for urban waste management in the Shama District, achieving an optimal route of 11
km with an externality cost of GHS 2100, thus highlighting the relevance of ACS in
minimizing both operational distance and socio-environmental impact[11]. More recently,
Arimbawa K. demonstrated the effectiveness of ACO in designing a single-trip CVRP-based
waste collection route in sparse urban networks while accounting for variable waste volumes
and vehicle capacity constraints[12]. Overall, these findings confirm that ACO remains a
robust, adaptive, and effective metaheuristic approach for route optimization, particularly in
waste collection systems with heterogeneous geographical characteristics, such as those found
in Banjar Basa and Banjar Tembau of Marga Village. The main contribution of this study is
the development of a graph-based CVRP model combined with the ACO algorithm for village-
scale waste collection route optimization. This approach incorporates field-based distance
data, waste volume variations, and vehicle capacity constraints to generate feasible and
efficient collection routes.

11. Method

This study is an applied research employing a computational quantitative approach. The
primary objective is to optimize the waste collection routes in Banjar Basa and Banjar Tembau,
located in Marga Village, by formulating the problem as a Capacitated Vehicle Routing
Problem (CVRP) solved using the Ant Colony Optimization (ACO) algorithm. This approach
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was chosen because ACO has proven effective in generating near-optimal solutions efficiently
for routing problems that involve vehicle capacity constraints.

The study was conducted in Banjar Basa and Banjar Tembau, located in Marga Village,
Marga District, Tabanan Regency. The data were collected through field observations,
measurements of distances between waste collection points, and interviews with waste
collection personnel. The collected data included the coordinates of each waste collection
point, the average waste volume per point (m?),and the capacity of the waste collection
vehicle (m3). These data were represented as a weighted undirected simple graph G =
(V,E), where V denotes the set of vertices (waste collection points) and E denotes the set of
edges connecting the vertices, with the weight d;; representing the distance between points.

The waste collection routing problem is formulated as a Capacitated Vehicle Routing
Problem (CVRP) that considers vehicle capacity limitations. The main objective of the CVRP
is to minimize the total travel distance of all vehicles, subject to the following constraints:

n n
Minimize Z = Z Z dijxij (1)

i=0 j=0
j#i

Subject to:

n n
Vi, j Z xi; =1, Z xij=1,ZqixijSK

i=0,i#j j=0,j#i iev

where:
{1, if the vehicle travels along the edge(i, j)
xl-j = .
0, otherwise.
d;; = represents the distance between vertices i and j;
q; = denotes the waste volume at vertex i; and
K = the maximum capacity of the vehicle.

The Ant Colony Optimization (ACO) algorithm was first introduced by Dorigo, Maniezzo,
and Colorni (1996), inspired by the collective foraging behavior of real ant colonies in finding
the shortest path to a food source[13]. In the context of the Capacitated Vehicle Routing
Problem (CVRP), ants are modeled as agents that iteratively construct vehicle routes based on
pheromone information and the desirability level between vertices. Each ant probabilistically
selects the next vertex to visit according to the pheromone intensity and heuristic information,
enabling the colony to collectively converge toward an optimal or near-optimal routing
solution over multiple iterations.

At the initial stage, a number of ants m are placed on the starting vertex. The parameters
used in the Ant Colony Optimization (ACO) algorithm include: a = the influence level of
pheromone intensity on the probability of path selection; g = the influence level of visibility
(nij); p = the pheromone evaporation rate (0 < p < 1); Q@ = the pheromone constant for
global updating; and t,,,,,, = the maximum number of iterations[14]. Each ant selects the next
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vertex to visit based on a combination of pheromone intensity 7;; and visibility (Th’j = %)
ij
with the probability of moving from vertex i to vertex j expressed as follows[15]:

]ﬁ

P (t) = (2] [y

" Seem a1 [nul? @

where:

P;;(t) = probability of an ant moving from vertex i to j at iteration ;

7;j(t) = pheromone intensity on edge(i, j);

1;;(t) = heuristic value (desirability) of edge (i, j); and

N; = the set of vertices that can be visited.

After each ant constructs its route, the total travel distance is calculated using the following
equation:

L, = z d;j 3)
L)EVE

where L, represents the total route length ant k and V}, denotes the set of edges (i, )
traversed by that ant. The ant with the smallest L, value is considered to have produced the
best solution in that iteration. After all ants complete their routes, the pheromone intensity is
updated in two stages: evaporation and deposition. In the evaporation phase, the existing
pheromone levels are reduced proportionally to the evaporation rate, as expressed by the
following equation:

1) « (1 — p)r;;(®) %)

The purpose of this process is to prevent excessive pheromone accumulation on specific
paths and to maintain diversity in the search space. Subsequently, each ant deposits new
pheromone on the edges it has traversed, which is formulated as follows:

() < (1= pry® + ) Ak (5)
k=1

where:

ij Ly (6)

Ack = 2, if ant k passes through edge (i, j);
0, otherwise.

Paths with shorter total distances receive greater pheromone reinforcement, thereby
increasing their probability of being selected by other ants in subsequent iterations. This
iterative process continues until the algorithm reaches the maximum number of iterations t,,, 4
following the flowchart below:



Jurnal Matematika Vol. 16, No.1, Juni 2026, pp. 01-13 ISSN: 1693-1394
Article DOI: 10.24843/JMAT.2026.v16.i01.p194

Initialize pheromone trails

!
iter =0
|

Clear ant solutions

l

Build ant solutions

All ants
finished?

Yes

Update pheromone trails

!

iter = iter + 1

Yes

End

Figure 1. ACO Flowchart

111. Result

The research began with the construction of graph models representing the waste
transportation networks of Banjar Basa and Banjar Tembau. The input data used in this study
include the number of waste collection points, waste volume at each point, road distance
between connected points, and vehicle capacity. A summary of the input data for Banjar Basa
and Banjar Tembau is presented in Table 1.

Table 1.  Summary of Waste Collection Input Data

Number of Waste Edge Vehicle
Number - . .
Area collection volume distance capacity
of vertexs R 5 5
points range (m?) range (m) (m?3)
Banjar Basa 15 14 0.31-0.50 50.10-240.43 1,20
Banjar Tembau 9 8 0.31-0.46 84.01-217.55 1,20

Source: Data processed by the authors (2025)

Banjar Basa area was modeled as a graph Gg = (Vg, Eg) consisting of |Vz| = 15 denoted
as Vg = {by, by, ..., b15}, which include 14 temporary waste collection points and one main
depot (b;). Meanwhile, Banjar Tembau was modeled as a graph G, = (Vp, Ep) with |Vp| =
9 denoted as {d,, d, ..., do} Where d; serves as the main depot. The set of edges E connects
two vertices if there is a road accessible by waste collection vehicles. For each edge (i, j) the
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distance d;; (in meters) was recorded. The resulting graph Gg and Gp are illustrated in
following Figure 2.

Figure 2.

(a) Graph Gg; (b) Graph G,

After the graph structures for Banjar Basa and Banjar Tembau were established, the next
step was to construct the corresponding weighted adjacency matrices as a numerical
representation of the relationships between vertices in the graphs. Based on graphs Ggand G,
the weighted adjacency matrices Ap = [a;;] € R*®**and A, = [a;;| € R?*° were generated
under the following conditions:

a;

d..
- {93999

if conneted

otherwise

(7

From Equation (7), the adjacency matrix is obtained as follows:

b1 b2
b1 99999 155,06
bz 15506 99999
b3 | 99999 10672
b4 99999 99999
b5 99999 99999
bé 99999 99999
b7 99999 99999
b 99999 99999
b9 99999 99999
bl0 | 99999 20942
bll | 99999 99999
b12 | 99999 99999
b13 | 99999 99999
bi4 | 99999 99999
b15 | 99999 99999

b3
99999
106,72
99999

61,79

41,78
99999
99999
99999
99999
99999
99999
99999
99999
99999
99999

b4
99999
99999

61,79
99999
99999
99999
99999
99999
99999
99999
99999
99999
99999
99999
99999

b5
99999
99999

4178
95999
95999
95999

92,08
99999
12272
99999
99999
99999
99999
95999
95999

b6
99999
99999
99999
99999
99999
99999
158,64
99999
99999
99999
99999
99999
99999
99999
99999

b7 ]
99999 99999
99999 99999
99999 99999
99999 99999
92,08 99999
158,64 99999
99999 109,87
10987 99999
99999 8347
99999 99999
99999 99999
99999 12985
99999 99999
99999 99999
99999 99999

(a)

Figure 3.

b9
99999

b10
99999

99999 20942

99999
99999
122,72
99999
99999

8347
99999
99999
12531
99999
99999
99999
99999

99993
99999
99999
99999
99999
99999
99999
99999
99999
99999

9452
99999
99999

b11
99999
99999
99999
99999
99999
99999
99999
99999
12531
99999
99999
99999
99999
11535
99999

b1z
99999
99999
99999
99999
99999
99999
99999
12985
99999
99999
99999
99999
99999
99999

1393

b13

99999
99999
99999
99999
99999
99999
99999
99999
99999

94,52
99999
99999
99999
11035
99999

b14
99999
99999
99999
99999
99999
99999
99999
99999
99999
99999
11535
99999
11035
99999

59,19

b15
99999
99999
99999
99999
99999
99999
99999
99999
99999
99999
99999
1393
99999
5919
99999

d1
dz
d3
d4
ds
dé
d7
dg
d9

(a) Matrix Ag; (b) Matrix Ap

d1
99999
327,55
99999
99999
99999
99999
99999
99999
99999

dz
327,55
99999

90,31
99999

9295
99999
99999
99999
99999

d3
99599
9031
99999
895
99999
99599
99999
99599
99999

d4

99999
99999

895
99999
99999
12409
99999
99999
99999

ds
99999

92,95
99999
99999
99999
99999
12164
99999
99999

(b)

d6
99999
99999
99999
124,09
99999
99999
99999

97,11
99999

d7 d8 49
99999 99999 99999
99999 99999 99999
99999 99999 99999
99999 99999 99999
12164 99999 99999
99999 97,11 99999
99999 99999 10843
99999 99999 60,81
10843 6081 99999

In solving the Capacitated Vehicle Routing Problem (CVRP), it is essential to have the
distance information between every pair of vertices so that optimization algorithms such as
Ant Colony Optimization (ACO) can construct efficient vehicle routes without relying solely
on direct connectivity. Therefore, a metric closure process is performed to transform the initial
sparse graph into a complete graph[16]. The purpose of metric closure is to compute the
shortest path distances between all vertex pairs. If no direct edge exists between two vertices



Jurnal Matematika Vol. 16, No.1, Juni 2026, pp. 01-13 ISSN: 1693-1394
Article DOI: 10.24843/JMAT.2026.v16.i01.p194

v; and v;, the shortest distance d;; is determined through an intermediate vertex v following
the principle of the triangle inequality:

dyj <dg +dy, Vijk (8)
Based on inequality (8), the metric closure process was computed using Dijkstra’s

Algorithm[17], resulting in the complete adjacency matrices Ag(K) and Ap (K).

bI bz b3 b4 b5 b6 b7 b8 b9 b10 bll b1Z b13 bl4 biS d1  dz 43 d4 d5 d6 47 d&  d9
bi 0 15506 26178 32357 30356 55428 39564 50551 42628 36448 55159 63536 459 56935 62854 d1 0 32755 41786 50736 4205 63145 54214 71138 65057
b2 [15506 0 10672 16851 1485 39522 240,58 35045 27122 20942 39653 4803 30394 41429 47348 dz |32755 0 9031 17981 9295 3039 21459 38383 32302
b2 [26178 10672 0 6179 4178 2925 13386 24373 1645 31614 28981 37358 41066 40516 46435 d3 |41786 9031 0 895 18326 21359 3049 3107 37151
b4 [32357 16851 6179 0 10357 35429 19565 30552 22629 37793 3516 43537 47245 46695 526,14 d4 |50736 17981 895 0 27L76 12409 39044 2212 28201
b5 [30356 1485 4178 10357 0 25072 9208 20195 12272 35792 24803 3318 45244 36338 42257 d5 | 4205 9295 18326 27276 0 38799 12164 29088 23007
b6 |55428 39922 2925 35429 25072 0 15864 26851 35198 G086 47729 39836 70299 59264 53T66 d6 |63145 3039 21359 12409 38799 0 26635 9711 1572
b7 |39564 24058 13386 19565 9208 15864 0 10987 19334 450 31865 23972 54435 434 37902 d7 |54214 21459 3049 39044 12164 26635 0 16924 10843
bB [50551 35045 24373 30552 20195 26851 10987 0 8347 529 20878 12985 43446 32413 26915 d8 |711.38 38383 3107 2212 29088 9711 16924 0 601

b9 (42628 27122 1645 22629 12272 35198 193,34 8347 a 44553 12531 21332 35101 24066 29985 d9 |[650,57 32302 37151 28201 23007 15792 10843 60,81 o
b10 | 36448 20942 31614 37793 35792 60864 450 529 44553 o 32022 40336 9452 20487 26406

b1l | 55159 39653 28981 3516 24803 47729 31865 20878 12531 32022 o 31384 2257 11535 17454
b12 | 63536 4803 37358 43537 3318 39836 23972 12985 21332 40336 31384 o 30884 19849 1393
b13 | 459 30394 41066 47245 45244 TO299 54435 43448 35101 9452 2257 30884 0 11035 16954
bl4 [56935 41429 40516 46695 36338 59264 434 32413 240,66 20487 11535 19849 11035 0 59,19
b15 | 62854 47348 46435 52614 42257 53766 379,02 26915 29985 26406 17454 1393 16954 5919 o

@) ()

Figure 4. (a) Matrix Az (K); (b) Matrix A, (K)

The following figures illustrate the complete graph models for Banjar Basa and Banjar
Tembau.

Figure 5. (a) Complete Graph Banjar Basa; (b) Complete Graph Banjar Tembau

After obtaining the shortest distances (Figure 3), the next step is to perform a mathematical
simulation of the ACO algorithm. An initial single iteration using the Banjar Tembau complete
adjacency matrix Ap(K) is conducted to illustrate the mechanism of the algorithm in
constructing a waste collection route solution. First, the initial parameters are defined as
follows: vehicle capacity = 1200 m3; number of ants = 10, number of iterations = 10; a =
1,0; =50, p=05 and Q =100. The waste volumes (in m3) are given by
{0,150,130,135,125,150,140,120,160} and the initial pheromone levels are set to Ti(,(')) =
1. Following Equation (2), the results are obtained as follows:
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Table 2.  Mathematical Simulation Steps of the ACO Algorithm

Step Source Chosen Distance  Desirability  Probability Remaining
Vertex Destination d;; (m) 1\° P Capacity
Vertex (d_u) (m3)
1 dq d, 327.55 2.65 0.54 1050
x 10713
2 d, dc 92.95 1.37 0.45 925
x 10710
3 dc d; 121.64 2.80 0.83 785
x 10711
4 d, do 108.43 6.98 0.60 625
x 10711
5 dg dg 60.81 1.19 0.79 505
x 107°
6 dg dg 97.11 1.13 0.93 355
x 10710
7 dg ds 124.09 3.42 0.77 220
x 10711
8 dy d; 89.50 1.76 1.00 90
x 107°
9 d; d, (return)  416.86 — — —

Source: Data processed by the authors (2025)

The resulting routeisd; » d, » ds » d; » dg = dg = dg = d, — d3 — d; with atotal
load 150 + 125 + 140 4+ 150 + 135+ 130 = 1110 < 1200 which indicates that the trip is
feasible as a single route within the vehicle capacity. The total travel distance is calculated as
L =327.554+9295+ 121.64 4+ 108.43 + 60.81 + 97.11 + 124.09 4+ 89.50 + 417.86 =
1439.94m.

After all ants complete their respective routes, the pheromone values are updated according
to Equations (5) and (6).

100

ATU =
For each traversed edge:

) = (1 - p)t’ + Aty; = 0.5(1) + 0.0695 = 0.5695

Edges that are not traversed experience pheromone evaporation, resulting in rl.(jl) =0.5.

The mathematical simulation indicates that in the first iteration, the ants successfully construct
a complete route without exceeding the vehicle capacity. The edges included in the route
receive higher pheromone reinforcement compared to the others, thereby increasing the
likelihood of these paths being selected in subsequent iterations. As the process continues, the
ant colony progressively converges toward a global optimal route with the shortest total travel
distance. The next iterations are computed programmatically using C++.
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The flowchart in Figure 1 illustrates the main logical flow of the Ant Colony Optimization
(ACO) algorithm used to solve the Capacitated Vehicle Routing Problem (CVRP). Each stage
in the diagram is directly translated into the C++ program structure implemented for the waste
collection case in Banjar Basa and Banjar Tembau, Marga Village.

The process begins with the initialization of parameters and pheromone trails.: const
double alpha = 1.0; const double beta param = 5.0; const double
rho = 0.5; const double Q = 100.0; const double truckCap = 1200;
vector<vector<double>> tau(nCity, vector<double>(nCity, 1.0));
vector<vector<double>> eta (nCity, vector<double>(nCity, 0.0)).
The next step is the solution construction phase, where each ant builds a route. desir[]]
=pow (taul[current] [j],alpha) *pow (eta [current] [J], beta param);
intnext=Select (candidates,desir,gen);route.push back (next) .This
step represents the direct implementation of the “Construct Ant Solutions” block in the
flowchart. The path selection is carried out probabilistically by choosing the next vertex based
on its desirability value. The outcome of this process generates an optimal route for each waste
collection trip while considering vehicle capacity constraints and the shortest distances
between vertices. The following results present the computational simulation for Banjar

Tembau.
Ant Route | Iteration 1 z:flm'“ Ant Route | Iteration 2 z:f;‘“““
T G odyodsod oy o ds o d; > ds = dy > dy 197660 T & odsods o de o dy o dy 5 dy o ds o d; > d, 143994
2 dy - dy > dy o dy +dg dy > dy+dy > dg > dy 162584 2 dy+dysdy = dy > dg o dy o dg o dy - dg o dy 143994
3 dy o dy s dy o dy »dg > dg = dy > dy > ds o dy 143994 3  dyods>dy o dy > dy »dgodg o dy o dy o+ dy 162584
4 dodiod odgsdy g+ dy +dy » dy »dy 143994 4 dydg o dy s dy s dy —dg—dg—dg— d; o d; 162584
5  dy o dy s dy—dydg>dp > dy b dy > dy o dy 143994 5  dy—dysdy dy>dg s dy o dg s dy o dg o dy  1439.94
6 dyodygod; o dg o dy dg > dy  dg > dy +dy 174218 6 dy—d—dysdydgdg s dy s dy o dgd, 143994
T dj o dy o dy o dy > dg +dy »+dg +dy » dg = d,  1439.94 7 dy o dy - dy o dy o dg = dy = dy = dy o dg o d,  1439.94
8 dy = dg = dy = dg = dg = dg = dy = dg = dy = dy 1439.94 8 dy +dy > dy > dg 2> dy = dg = dg = dg = dy = d, 1620.56
9 dy - dyod; o dy > dy +dg +dg =+ dy » dy +d, 162584 9 dy +dy +dy =+ dy s dy +dg = dy +dy = dy = dy 143994
10 dy o ds o dy v dy o dy > dg > dg > dy > dy > d, 162584 10 dy o dy > dy > dy > d o dy o dg o dy o ds > dy 143994
Ant Route | Iteration 3 I[":]"“w Ant Route | Iteration 4 z:;'““
T 4, o d; o dy o ds 5 dg o dg > dy o dy > ds = dy 143992 T & odods o dy o dy o dy o dg = dy > 3 = dy 143994
2 dodiody s dy o dy +dg+dg = dy— dy +d, 162584 2 dydydy s dy s dg s dg o dg = dy o dg —d,  1439.94
3 dy - dy s dy - dy s dg > dp > dy b dy > dg - dy  1439.94 3 dy—wdysdy »dy > dg s dg o dg» dy o dy o dy  1439.94
4 dyodyody o dy o dg +dg dy dy » dg —+dy 143994 4 dysdy o dy rdy s dg—dg—dg = dy = dg = dy, 143994
5 dj o dyods o dydy o dy g+ dy »dy =+ d, 143994 5 dy—dy—+dy—dy—dgdy o+ dy = dy o dg o d,  1439.94
6 dy = dg = dy = dy = dy = dg = dg = dg = dy = dy 1625.84 6 dy +dg =+ dy =+ dg = dg = dg = dy = dy = dy = d, 1439.94
7 dy - d;od; o dy o dy +dg +dg =+ dy —+ dy +d, 162584 7 dy-dy - dy—dy—dgdgdy s dy »+dg—+d, 143994
B dyod; o ds o dy o dy o dy > dy > dy > dy > dy 143994 8 dyodsody ods ody o de o dg o dy o dy o dy 162056
9 dy o dy s dy v dy s dy > dy > dy > dy - dy »dy 143994 9 dy s ds o dy o dy o dg o dg = dy = dy o dy 143994
10 d o dy o dy ody g dg o > dy s di o dy 143994 10 d ody sy o dy sdy s dg v dg o ds o dg o dy 143994
Ant Route | Iteration § Distance Ant Route | Iteration 6 Distance
(m) (m)
T d o dz o ds o dg o dg = dg = dg = dy = d5 = d;  1439.94 T & oo d; o d o dy o do o dg = dg > d; = d; 162056
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Figure 6. ACO Computational Simulation Results for Waste Collection in Banjar Tembau
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The same process is applied to the matrix Ag (K), resulting in the waste collection route for
Banjar Basa.
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Figure 7. ACO Computational Simulation Results for Waste Collection in Banjar Basa

After all ants complete their respective routes, evaluation and pheromone update are
performed on each traversed edge using expressions such as double delta = Q / len; tau[a][b]
+= delta;tau[b][a] += delta;...tau[i][j] *= (1.0 —rho. The final step in each iteration is to check
the termination condition based on the maximum number of iterations (nlter). Once this
condition is satisfied, the system outputs the best route found during the exploration process
using the condition: if (len < bestLength){bestLength = len; bestRoute = route;}.

Table 3. Shortest Waste Collection Route in Banjar Basa

Trip Route Distance (m) Load (m7)

1 TPS by — TPE b, — TPS by — TPE by — TFS by — TS by — TP by — ZiD435 1110
TPShy, = TPE by, = TPSbyg — TPE by, = TP by — TP b,

2 TESh) =+ TPEhy = TPS hyy = TPE by = TPS by S1EM 550

Source: Data processed by the authors (2025)
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Table 4. Shortest Waste Collection Route in Banjar Tembau

Trip Route Distance (m] Load [m3)

1 TPEd, = TP5dg —= TPSdy — TPE dy = TPE dy — TPE dy — TPS d, — 143094 1110
TPE dy — TPS dy — TP5 d,

Source: Data processed by the authors (2025)
The visualization of the optimal routes shows that Banjar Basa and Banjar Tembau exhibit
different routing patterns based on their respective geographical characteristics. The graph of
Banjar Basa contains a larger number of vertices and covers a wider area, thereby requiring
two trips to reach all temporary waste disposal points (TPS) while adhering to the vehicle
capacity limit of 1200m3 per trip. n contrast, Banjar Tembau, which has fewer vertices and
shorter distances between points, only requires a single trip. The visualized graph illustrates
the optimal path from the depot to each TPS and returning to the depot, where edges with
higher pheromone intensity represent the most efficient routes. Overall, the ACO algorithm
successfully adapts its route-searching strategy based on the number of vertices and vehicle
capacity constraints, producing efficient waste collection routes for both regions with varying
topographical characteristics and population densities.

by d

\
5
—

Figure 8. Visualization of the Optimal Waste Collection Route Graph

The subsequent discussion focuses on the analysis of solution convergence achieved by the
Ant Colony Optimization (ACO) algorithm within the framework of the Capacitated Vehicle
Routing Problem (CVRP). In this study, convergence refers to the stabilization of the
minimum travel distance as the number of iterations increases. Each iteration represents a
cycle of route exploration by the colony of ants, during which pheromone intensities on graph
edges are adaptively updated based on the quality of the solutions obtained. Key parameters
including a which controls the influence of pheromone; g which regulates the impact of
distance or heuristic information; and p which denotes the pheromone evaporation rate play a
significant role in determining the speed and direction of convergence. A well-balanced
parameter configuration enables the system to effectively explore new paths while retaining
the ability to exploit the best routes previously identified. Accordingly, this analysis highlights
the relationship between the number of iterations, algorithmic parameter combinations, and
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the stability of the shortest route solution, all of which collectively influence the effectiveness
of ACO in converging toward a globally optimal solution.

1V. Conclusion

(1]
(2]
(3]
(4]
(5]
(6]

(7]

Based on the implementation and simulation results of the Ant Colony Optimization (ACO)
algorithm applied to the Capacitated Vehicle Routing Problem (CVRP) in Banjar Basa and
Banjar Tembau, it can be concluded that ACO is capable of generating efficient waste
collection routes that adapt effectively to variations in the number of vertices and vehicle
capacity constraints. The simulation results reveal that Banjar Basa, which has a larger number
of vertices and a wider coverage area, requires two trips to serve all waste collection points,
whereas Banjar Tembau only requires a single trip due to its simpler graph topology and
shorter inter-vertex distances. Convergence toward the best route occurs progressively through
pheromone updates in each iteration, where pheromone intensity increases significantly along
routes with shorter total distances. The parameter combination of « = 1.0, 8 = 5.0,p = 0.5,
and Q = 100 is proven to maintain a balanced trade-off between exploration of new paths and
exploitation of the best-discovered routes, thus accelerating convergence toward the global
optimal solution. Therefore, the ACO algorithm is demonstrated to be an effective approach
for optimizing waste collection systems based on shortest-route planning, particularly in areas
with complex topographical characteristics and heterogeneous point distributions such as
Banjar Basa and Banjar Tembau.
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