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Abstract

This paper is devoted to the research and development of an intelligent assistant for constructing optimal
routes and improving the final generation result. Rules and methods were developed aiming to find
generation artifacts and eliminate them to improve the result produced by Ant Colony Optimization.
These tasks were solved: analysis of modern approaches and solutions for calculating optimal routes,
software implementation of the optimal route search algorithm, setting up rules for finding artifacts,
software implementation of post-processing, application of LLM models to improve the result, conducting
experiments, and comparing results. The methodology is based on analyzing the process of route
generating and highlighting artifacts that arise because of generation inaccuracies and methods for
correcting them. The following results were achieved: the software was developed that allows post-
processing of generation results and compared with original generation results. The software
implementation showed high efficiency and speed of route generation result correction, allowing the final
route to be improved by 3-5%. At the same time, the use of Al assistant significantly improves the
performance of daily operations when working with the information system, making interaction with
system more convenient. The results obtained are satisfactory, but the direction of modifying the ACO
algorithm and applying parallel software implementation looks promising.
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1. Introduction

Nowadays, solving transport logistics problems and finding optimal routes is widespread [1].
Logistics takes significant place in the global economy. Every day, a human faces various variants
of logistics problems, from using applications with maps to ordering goods on delivery services. In
a broader sense, at the global level, logistics is built into supply chains. With a high level of
globalization, the importance of solving the long supply chains issue is becoming more actual, and
their optimization is an important task from an economic point of view.

Global logistics costs are constantly growing. It is a big market with big expenses. Thus, in 2023,
the logistics market was valued at 5.35 trillion euros, with road transport accounting for the largest
share. By 2029, logistics spending is expected to increase to 14.4 trillion euros.

Thus, in China, logistics companies face major challenges and believe that in the context of
economic globalization, the key to creating a company’s competitive advantage has shifted from
the first source of profit (raw materials economy) and the second (increasing labor productivity) to
the third source of profit — creating an effective logistics system [2]. One of the important tasks is
to choose the optimal route, for example, to transport goods from city to city or deliver to
addresses. The shorter the route is chosen and such factors as road surface quality, weather
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conditions, etc. are considered, the more logistic costs will be reduced. A big advantage is the
automation of solving transport problems using mathematical and software algorithms to find the
optimal route. To automate the problem, it is necessary to determine what exactly needs to be
automated. This work describes the solution and improvement of the results for the Traveling
Salesman Problem (TSP). There are many algorithms for solving such a problem, and they all come
down to either a complete enumeration of all possible combinations and direct comparison, or to
random enumeration and finding a quasi-optimal option. Tests were carried out with such
algorithms as Brute Force, Monte Carlo and Ant Colony Optimization.

The next step of this work is to improve the results of optimal route generation using an
intelligent assistant. The improvement of the optimal route generation result is done automatically
in the post-processing format, which allows for the route to be analyzed again and artifacts, the so-
called "loops", to be removed. This ultimately allows for an additional 3-5% improvement in the
result on average for various indicators, depending on the optimization criterion, be it distance,
fuel costs or time.

Additionally, the use of an intelligent assistant allows for the implementation of an improved
model of user interaction with the system. Nowadays, voice processing and text-to-text
technologies have become widespread [3]. In the future, this can be used by large test models to
generate a response based on a user request [4]. Thus, the user gets the opportunity to perform
normal work with the system using a chat bot or voice commands, which in the long term allows
for accelerating and improving the user experience and reducing the amount of user interface
required to perform everyday tasks. At the same time, it is necessary to take care of the
confidentiality of user data. For this purpose, such data is usually stored in encrypted form and
decrypted only using a private key-token and only on the server side.

2. Related works

Finding the optimal route is the most popular problem in logistics. Usually, the term "optimal
route" means a route that is the shortest in distance. It is worth adding that the criteria for the
optimality of a route can also be time and resources, fuel, which are spent on passing the route.
The field of logistics is very promising and popular for researchers in our time. In the work [5], a
study of Pareto-optimal shortest paths in stochastic transport networks is conducted, considering
the variability of travel time. The authors explore the methodology of finding reliable and efficient
routes under conditions of uncertainty of travel time. Finding the shortest route is also necessary in
Internet networks for the highest data transfer rate. In the work [6], routing is considered as a
means of increasing the performance of computer systems, with the focus on the efficiency of
arithmetic calculations in different calculation systems when solving problems on graphs. or time.

The paper [7] investigates the improvement of heuristic intelligent algorithms for route finding
in 3D space, with an emphasis on improving the accuracy, search speed and stability of the
algorithm. A new intelligent algorithm based on Beetle Antennae Search (BAS) is developed with
three additional, non-trivial mechanisms aimed at solving the problems of low efficiency and
convergence accuracy. Here, the Ant Colony Optimization algorithm is used to generate an initial
route, which serves as a guideline for further optimization. The paper demonstrates how complex
of traditional methods with modern heuristics can significantly improve the quality of solutions in
navigation problems.

Recent studies also highlight the potential of large language models (LLM) to improve user
interaction with intelligent systems. In works [8-9], LLM is explored for applications in user
assistance and software version control, showing efficiency in transforming textual queries into
structured executable commands. Such methods can be effectively applied in developing of an
intelligent assistant within the service. Furthermore, study [10] describes the implementation of
LLM architectures for natural language processing tasks. In the paper [6], alternative techniques
for solving the shortest path problem are analyzed, while classification-based methods are
discussed in [4, 11-12].



The proposed assistant is designed to be capable to identify and resolve route generation
artifacts, such as “loops”, thus improving the result of generation. Study [13] presents an approach
to process natural language which, presumably, demonstrates the potential to help in optimizing
computational processes involved in routing problem solving. Consequently, the developed system
should integrate an intelligent assistant with active use of ACO algorithm for initial route
generation followed by further improvement via loop detection and correction.

3. Methods and materials

The aim of this work is to implement methods for constructing optimal routes for solving the TSP
problem and further application of methods for post-processing the result for greater optimality.
Post-processing will be built using both mathematical methods for determining intersections of
route sections, "artifacts", "loops" and the use of a trained LLM model for analyzing the entire route
and improving its optimality. The idea is to develop a model that will determine the intersections
of route sections consisting of any number of segments and having any number of sections with
intersections that make the route less optimal.
The optimization model for route colculation result must meet the following requirements:

e the ability to find intersections along the entire length of a route, identifying the beginning
and end of an intersection

e Jow algorithmic complexity, ensuring fast calculations and low resource consumption

e  ability to recalculate non-optimal areas

e versatile in software implementation

3.1. TSP solving algorithms

During the research, we analyzed and implemented several algorithms for finding the optimal
route to solve the TSP problem, among which we can highlight such as brute force, Monte Carlo
and Ant Colony Optimization.

The TSP might be described as following. Let Z be an order of placement of points (11 € S,),

where S, is the set of all options for placing points of length n. Then the route model will be

vn(l) — Vr[(Z) - ... > Vn(n) - vn(l)‘ (1)
The total length of the route will be

n—1 2
L(”):Z; d(vn(i)’vn(i+1))+d(vn(n,)’vn(l))‘ ( )

Brute force algorithm allows finding the shortest path by enumerating all possible combinations
but is the least optimal in terms of resource consumption and time. Since the complexity grows
exponentially with an increase in the number of points, then, when calculating the shortest path
using 8 points, the algorithm shows an acceptable speed of operation, and with 10 points, the
calculation time becomes unacceptably long. The model for solving the TSP problem using the
Brute Force method is a direct search for such an option, in which the length of the entire route
will be minimal

L..=minL(m). (3)
nES,
Monte Carlo is a heuristic algorithm that works by randomly searching through the available
solutions to a problem. As described in [14], this algorithm is highly dependent on input
parameters such as the number of available solutions and the number of iterations to find a

solution. For each random permutation nkZ[Hk(l),...,nk(n)] the length of the route will be



determined by the formula:

n—1
:Zd(vnk(i)’ 1+1 )+d< n(n (1‘])' (4)
i=1
The optimal approximate solution is described by the following formula
LL,,~ min L|m,|.
min k=1 M ( k) (5)

Further experiments showed that this algorithm allows processing a larger number of points,
but with an increase in the number of available solutions, the accuracy of calculations decreases,
and it is necessary to increase the number of iterations, which ultimately leads to greater
complexity and resource consumption.

Ant colony optimization algorithm is also heuristic but works differently. It randomly tries
available route options from one point to another, but at the same time, the proximity of the next
point and the fact that this segment of the path has already been visited before have a strong
influence, which allows choosing already known routes with a higher probability.

The ant algorithm, as experiments have shown, turned out to be optimal in the case of
calculating the optimal path among many points. Further experiments showed that this algorithm
allows you to effectively process 50 points and get a good result when processing 100 points. This
class of algorithms has a polynomial complexity, which allows you to use a relatively small number
of resources to calculate the path for many points. The algorithm also lends itself well to various
modifications and additions. So, in the work [15] the algorithm is used to plan the route of mobile
robots based on an improved version of the ant algorithm. The work solves its main shortcomings:
slow convergence and tendency to get stuck in local minimums and dead ends. The following
options are proposed to solve these shortcomings:

e adaptive heuristic function that depends on the number of iterations;

e adaptive pheromone parameters, which allows dynamic configuration of the amount of
pheromone, accelerating convergence and making it less likely to get stuck in local minima;

e integration of the Monte Carlo algorithm, which allows to avoid tortuous trajectories,
making the path more direct and smoother.

The essence of the ant algorithm is that over a certain number of iterations, virtual agents —
“ants” randomly pass through sections of the route, gradually forming the optimal path. With each
pass of the “ant”, a certain trace is left — a “pheromone”, which, when the next “ant” passes, affects
the probability of choosing an already familiar section of the route and thereby further
distinguishing it from the rest. The algorithm model is described by a set of formulas. The
probability estimate of the transition to the next point is expressed by the formula

LPi,j;k_(lek rlzj k) (szm k r’zm k)

(6)

The right side of the formula is the probability of moving to a certain point where 1, ; , - the
attractiveness of a road is proportional to the distance, and T, ;.. is pheromone amount, left by
previous "ants". a,[f3 are coefficients to configure the influence of these parameters during
calculations, by default set to 1. The right side of the formula is the sum of all probabilities of
transition from the current point to all available next ones. That is, the probability of transition to
the next point is inversely proportional to the sum of the probabilities of transition to all available
points. The sum of all probabilities is 1.

After calculating the probabilities, a numerical roulette is constructed, where all probabilities of
transition to the next point are distributed in the range from 0 to 1 and a number from 0 to 1 is



randomly generated, thus choosing a point for transition. The "ant" moves to city j from city i. City
i is marked as unavailable. At the current iteration &, it is no longer possible to move to it. We
assume | = j. This continues until all points have been visited.

The amount of pheromone is recalculated after the completion of the inner loop, when all the
ants of the group have laid their paths. The addition of pheromone that ant number k makes on the
road between cities i and j at iteration number t is expressed by the system

adt =l QILLfli,jlET,
v 0,ot herwise. (7)

After calculating the pheromone additions for each road, a new amount of pheromone is
calculated at the next iteration for each road using the following formula

(t+1) W, 15 A (0
1,7V =(1-p)- 1+ AT,
. J m}; sk (8)

where p is the pheromone evaporation coefficient. It is needed to balance the paths and if a
certain path is not visited during the iteration, it becomes less attractive.

This parameter can be set to 0, and then the path will maintain a constant level of
attractiveness. Thus, for a certain number of iterations, the optimal path is calculated. The high
convergence rate of the problem solution exists at the first iterations, at later ones the convergence
rate decreases. The path calculated at the last iteration is the result of the algorithm. Visualization
is shown in Figure 1.
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Figure 1: Visualization of ant colony optimization.



After calculating the optimal route using the Monte Carlo algorithm or AOC, intersections of
segments - "loops" - may occur, which negatively affect the result. Their solution allows for a more

optimized route. The general scheme for finding the optimal route is shown in Figure 2.

Optimal path query
with list of paints Solve TSP s " " " -
including "start" and for given points Find "loops Resolve "loops Output optimal path

"finish”

Figure 2: General pipeline of optimal route generation.

The application implements the logic in which the user sends a request to find the optimal
route, providing a set of points among which the calculation should be made, marking the "start"
and "finish". It is also possible to manually select which algorithm to use for calculations. When the
algorithm completes its work, subsequent processing of the result is performed. Post-processing of
the result is performed automatically according to pre-set rules for finding intersections - "loops".
After determining the start and finish of the "loop", the algorithm for finding the optimal route on

this section is launched. The calculation result replaces the non-optimal section.

3.2. Loops problem solving
When calculating the optimal path using the ant colony algorithm, route generation artifacts

often arise in which some path segments intersect and form “loops” as in Figure 3.
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Figure 3: Loops visualization.



Such loops make the path longer, and their resolution can make the result more optimal. To
determine the intersecting segments, we can use parameterization and represent the two segments
in a system of equations. Let's say we have a segment AB and A,B, where: A=(X,,Y,),

B=(X,,Y,),A,=(X,,,Y,,), B;=(X,,,Y,,). The parametric representation of the segments:

P(t,)=(x,y)=t,(X,,Y,)+(1-t,)(X,.Y,),

©)
Q(to)=[x, y1=t,( Xy, Yy J#(1-1,)( X1, Yo (10)
Segments intersect if such a value exists t,,t, € [0,1]:
b Xy +H(1—t,) X, =6, X, +(1-1,) X, )
LY, +H1—0)Y =Y, +(1-6,)Y . (10)

The segments intersect if after solving the system the following results were obtained for t,,t,:

0<t,<1 and 0<t,<1. (11)

After finding the intersecting segments, we determine the starting and ending points of the
loop. Then, on the resulting section, we determine the optimal route and replace the original
section with the newly calculated one. Thus, we remove all intersections and "loops".

3.3. Software development

Before implementing the algorithms for finding the optimal route, we developed a software system
for entering and storing data that are used in the experiments. The system was developed using
web technologies according to the principles of “client-server” architecture. The software
architecture is shown in Figure 1. The scope of the system is servicing offshore wind electric
turbines.
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The developed application consists of a set of services developed following the microservice
architecture principles described in [16-19]. It involves several components: a frontend application
that provides the user interface, a backend API responsible for business logic, a database (DB)
serving as a data storage, an optimal route service that implements algorithms for route generation
and optimization, and an LLM-based command decoding module, which processes textual
information using a large language model, as described in [20].

The backend API is implemented in a robust way following the approaches shown in papers
[21-22]. Tt is structured as a universal API, logically divided into modules responsible for entity
management, turbine maintenance operations, and communication between services. The system is
built with Node.js as the runtime environment, and the code is written in TypeScript, a statically
typed superset of JavaScript. The core server functionality is implemented using the Express
framework. The PostgreSQL is used as the relational database management system.

The application is aimed at automating the planning of offshore wind turbine maintenance.
During maintenance, a marine vessel with a crew on board sails through a certain number of
turbines and planning the optimal route plays a very important role in ensuring optimal fuel and
time costs. The application interface is shown in Figure 5.
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Figure 6 shows an example of the optimal route generation interface. If necessary, the user can

manually change the route generation result using the interface as in Figure 7. For example, if, after
generating a route, artifacts — “loops” — are detected, the user can manually resolve them
independently, as shown in Figure 8.
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Figure 7: Route manipulation interface.
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4. Experiment

The main way to conduct experiments in the decision-making information system is to simulate
the real work of the operator. To evaluate the effectiveness of the proposed approach, a series of
experiments were conducted. At the first stage, routes were generated using the Ant Colony
Optimization algorithm for different sets of points. The obtained solutions demonstrated that ACO
provides quasi-optimal paths with acceptable computation time. Another experiment of optimal
path generation involved generating a route for 50 points using the ACO. In this scenario, all
points were distributed in a random sequence a situation that is rarely happening in practice but is
effective for testing the algorithm effectiveness. The obtained result is shown in Figure 9.
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Figure 9: Result of calculating the optimal path for 50 points.

The ant colony optimization algorithm demonstrates high performance in determining optimal
paths. However, it is not entirely perfect. In certain cases, route generation artifacts appear, so-
called “loops” which are illustrated in Figure 10.
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Figure 10: Formation of "loops" when calculating the optimal route.



To address these issues there were developed specific rules for detecting intersections within
the generated route. Intersecting segments can be identified through direct enumeration and by
solving a system of linear equations, which can be done within an acceptable time. Once an
intersection is detected, the algorithm extracts all points located between the intersecting route
segments and detects points of both the start and end of the intersection area to enhance the
reliability of calculations. For this set of points, the optimal path is recalculated using the ACO
algorithm. Significant aspect of this process is the accurate definition of the starting and ending
points of the recalculated route segment to avoid getting of new artifacts. Given the limited
number of points involved, the recalculation requires only a little amount of computation time. The
corrected route is shown in Figure 11. The loop-correction procedure gives a measurable
improvement, reducing the total route length by approximately 3%.
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Figure 11: Corrected route.

5. Results

A series of experiments were carried out to simulate the real wok of a system operator. Initially,
several configurations of point placement were manually created, followed by the execution of an
algorithm developed to calculate the optimal path between them. The integration of an Al assistant
significantly reduced the number of manual operations required, such as points selection,
configuration, and algorithm selection. Next experiments were done testing the enhancing of the
results of route generation using the ACO algorithm produced visible results that are very
promising. The developed rules for detecting intersections and recalculating the route segments
involved in loop made it possible to significantly improve the results of generation. It effectively
eliminates “loops” and achieve results that more close to the most optimal route. A group of
experts validated the effectiveness of this approach. One of the experiment results is shown in
Figure 12, and in Table 1.

Table 1

Comparison of path generated, and path corrected by Al assistant

# Route type Distance Fuel spent
1 Generated 18285 m 191.81

Corrected 18003 m 186.41




2 Generated 18663 m 201.81

Corrected 18204 m 189.4 1
3 Generated 18499 m 196.7 1
Corrected 17984 m 182.11
4 Generated 18142 m 19091
Corrected 18120 m 189.6 1
5 Generated 18918 m 21251
Corrected 18106 m 190.4 1
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6. Discussions

The main goal of this paper was to explore the potential of integrating an intelligent assistant into
the software of an information system developed for optimal route finding. The implementation of
intelligent assistant helps to minimize the time system operators spend interacting with the
software and performing routine operations. The assistant allows to improve the quality of optimal
route calculations which is the core functionality of the information system and can also be used
for training of personal working with system.

Experimental results demonstrated that the intelligent assistant allows operators to efficiently
and quickly perform their work and effectively build optimal routes with the help of it. The
assistant can identify the necessary algorithm and parameters and run optimal route generation,
then ensuring its quality and improve if necessary.

The route optimization module based on the ant colony algorithm also proved its effectiveness.
Notably, the developed set of rules for detecting intersections, or “loops,” within the generated
route and performing localized recalculations made it possible to optimize the initial path
generation result by an average of 3-5%.

The obtained experimental results confirm that the developed software achieves adequate
accuracy in generation of optimal paths and allows for further improvements of results through
post-processing and correction of generation artifacts, compared to the initial calculations. The
solution received positive evaluations from industry experts.

Future system development will focus on improving and refining the optimal route generation
algorithm to ensure greater accuracy and computational efficiency when processing a larger
number of points, along with additional experimental validation. Such advancements are expected
to improve the performance of the ACO algorithm, allowing its practical usage. The next step
involves implementing the system as a minimum viable product (MVP) in a production
environment to begin testing by professionals in their work.

Another promising direction of research involves close collaboration with logistics specialists to
integrate real-time sensor data streaming from operating vehicles, transmitting geo coordinates,
speed, and direction, for subsequent data processing and visualization. This integration will
support both the continuous training of the AI model and the real-time representation of
operational data with the user interface.

7. Conclusions

The current stage of research and development of intelligent information systems for automating
technological processes has been thoroughly analyzed. The analysis of algorithms and technologies
applied to optimal route generation, system functionality, interface design, and data visualization
were carried out. Based on the research, a set of requirements was defined and then there was
developed an information system module that helps in decision making for generating optimal
routes for solving the Traveling Salesman Problem (TSP). This module allows for optimal route
generation using the Ant Colony Optimization (ACO) algorithm and includes the feature of
subsequent route improvements with additional recalculations.

Emphasis was placed on developing of an intelligent assistant necessary for reducing operator
work and minimizing decision making time. The assistant supports both text and voice-based
interaction via text-to-speech technology, following the approaches presented in [23-24]. The
integration of text-to-speech functionality provides a more friendly and intuitive interface,
allowing the system to inform the operator about the status of route generation, system
performance, or detected artifacts. This notably increases the efficiency and accessibility of
operator interaction, especially in high-load production environment.

The principles of optimal route generation algorithms are presented in detail, including the
mathematical models and equations of the ACO algorithm. A method for analyzing generated
routes has been introduced, based on identifying intersecting segments and recalculating localized



route fragments between intersection points. This approach allows the system to improve initially
generated routes, achieving results closer to the optimal. To implement this enhancement, an
algorithm of searching for intersections was developed that automatically detects intersections and
performs recalculation of the loops found.

The software implementation of the system is discussed, highlighting its modular architecture
and the technologies applied for data processing, visualization, and secure web-based interaction.
Given that the system operates with sensitive data including object coordinates, user information,
and operational parameters particular attention has been paid to data protection and security.
Modern solutions for authentication, encrypted communication, and secure credential and log
storage are planned to be implemented [25]. The database schema is designed to manage dynamic
optimization data while ensuring strict access control and compliance with current information
security standards [26-33].

The experiments were carried out, and they demonstrated the key functional capabilities of the
system, showing the operator’s interaction with the software during route generation and further
improvement. Experimental results confirmed that the improved algorithm provides more accurate
route generations, improving results by approximately 3-5% on average. Moreover, experiments
involving the intelligent assistant showed that its integration significantly reduces the time
required to configure and execute optimization tasks while improving the intuitiveness of user
interaction.

Future work will be directed toward further improvement of route optimization algorithms,
more integration of the intelligent assistant, and the application of LLM based technologies for
predictive route analysis. Planned research includes the development of multimodal interaction
methods that combine textual, auditory, and visual components, as well as the strengthening of
data protection and cloud synchronization mechanisms. The next phase will focus on the adoption
of advanced text-to-speech technologies to create a fully voice-operated interface, enabling
operators to manage optimization and monitoring tasks more efficiently It’s also planned to
implement parallel computations to reduce the complexity and time needed for performing route
generations and allowing to generate the optimal path among larger amount of points.

Declaration on Generative Al

During the preparation of this work, the authors used Grammarly in order to: Grammar and
spelling check. After using these tools/services, the authors reviewed and edited the content as
needed and takes full responsibility for the publication’s content.
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