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Abstract. This study presents the development of an intelligent routing model
tailored for municipal service optimization, with a particular emphasis on snowplow
deployment within the urban environment of Astana. The model integrates advanced
Python libraries for data processing and visualization, alongside a mapping API se-
lected through rigorous comparative analysis. The city’s street network was recon-
structed using topological and statistical attributes—such as segment lengths and in-
tersection density—that are critical for efficient route optimization. The central routing
challenge was framed as a variation of the Chinese Postman Problem and addressed
through the implementation of key algorithms, including those of Dijkstra, Edmonds,
and Hierholzer. This approach yielded an optimized traversal path that ensures full
street coverage within the designated area while minimizing redundancy. The pro-

posed solution demonstrably enhances route efficiency, thereby reducing superfluous
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travel and contributing to improved municipal service planning. Prospective research
will extend the model’s capabilities to accommodate real-time dynamic routing and
multi-vehicle coordination, supporting broader smart city applications.

Keywords: intelligent systems, GIS technologies, smart city, urban optimiza-
tion, Chinese postman problem
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AnnoTtanus. Ka3ipri 3amanfel Kananapja KeJiK KyHeciH OHTalIaHABIPY —
KOMMYHAJIJIBIK KBI3METTEP/IIH THIMJILTITT MEH TYPAKTBUIBIFBIH apPTTHIPYIBIH MAaHBI3/IbI
(daxtopel. by 3eprTeynin Makcarsl — AcTaHa KaldachlHA Kap Taszajay KeJiKTepiHe
apHaJFaH MHTEJUIEKTyal bl OarbITTay MOJENiH d3ipney. Moxpens Python Timinge-
Il Tangay jKoHEe BU3yalHM3alMs KypalJapblH, COHIai-ak kaprorpadusiay API-ceH
naigananazsl. Kamnaneiy kele xeici )KOJIapIbIH Y3bIHIBIFbl MEH KUBLIBICTAP/IBIH
TBIFBI3/IBIFBI CUAKTBI TOTIOJOTHSUIBIK JKOHE CTaTUCTUKAIBIK CHUIIaTTaMajapibl €CKepe
OTBIPBIT KYPhUTFaH. BaFbITThl OHTAHIAHIBIPY MACEIIeCi KbITal MOMTAIIBICH eceOiHe
Herizaenin, [[elikctpa, DAMOHIC koHE XalPXOIbIIEp aIrOPUTMIEP] apKbUTI MIEITiI-
ni. HoTmkecinae kemenep/i TOIbIK KAMTUTBIH KOHE apThIK KO3FAIBICThI a3alTaThIH
THIMJII MapIIPYT KYPbUIIBL. By TOCIT KajmallblK KBI3METTEPIIH AKYMBICHIH )KETUIIIpY-
re MyMKiHaIK Oepeni. bomamakra Moaenpal HaKThl YaKbITTaFbl IEPEKTEPAl ecKepe
OTBIPBIT KEHEUTY KoHE OipHellle KoK IeH MakcaTrTap YIliH OeiimMaey *KocnapiaHy-
Ja.

Tyiiin ce3aep: 3usarkeprnik JKywenep, [AXK TexHomorusmapbl, AKBUIIBI
Kana, Kananeixk Oxraitnanasipy, Keiraii [Tomramsr Ecebi

Hoiiexcosnep ywin: [I. Exinxan, H. Xalimynsaus, /. Ocnanosa, b. Amup-
ranueB. beiine OapiplK Kelenep/i KO3FalbIC IIEKTEYJIepIMEH KaMTyFa apHajFaH
OHTANIIBI MApPIIPYTThl TaOyIbIH WHTEIUIEKTYaAbl MOJENi//XanbplKapaiblK aKmapar-
TBIK YKOHE KOMMYHHKAJBIK TexHonorusap xkypHaisl. 2025. T. 6. No. 22. 57-74 6er.
(arpummibiH TiTIHAE). https://doi.org/10.54309/1J1CT.2025.22.2.004.

Myanesiep KaKThIFBICHI: ABTOpIIap OCHI Makajiaaa MYIAeNep KaKThIFBICHI
JKOK JISTT MOITIMJICHI.

Auarbic: by 3eprrey Kazakcran PecryOnukache! FoiabiM skoHE KOFaphl O11iM
MUHUCTPIITIHIH FBIIBIM KOMUTETIHIH KapKbUTBIK KonAaybiMeH 2024 sxbuirsl 20 may-
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AHHOTanus. B ycloBUsSX COBpEMEHHBIX TOPOJOB ONTUMHU3ALNS TPAHCIOPT-
HBIX CHCTEM UTPAET KIFOUEBYIO POJIb B MOBBIIEHNH 3((HEKTUBHOCTH U YCTOHYMBOCTH
MYHHUIMMANBHBIX cayx0. Llens qaHHOTO MccienoBaHus - pa3pabOTKa MHTEIUIEKTY-
aNbHON MOJIEH MapUIpyTH3AIUH JJ1 TOPOJCKUX CIIYKO0, C aKIIEHTOM Ha IPUMEHEHHUE
JUIS CHETOyOOpPOYHON TEXHUKH B ropoaie Actana. Mojens HHTerpupyeT OUOIMOTeKH
Python s ananuza u Bu3yanusanuu JaHHBIX, a Takke Kaprorpadudeckoe API, Bbi-
OpaHHOE IOCJIe CPAaBHUTENILHOTO aHaIn3a. YJIMYHas CeTh Topojia ObuIa BOCCO3/1aHa C
Y4€TOM TOMOJIOTUYECKUX U CTAaTUCTHUECKHUX XapaKTePUCTHK, TAKUX KaK JUTMHA IOPOT
Y IJIOTHOCTH MEePeKpECTKOB. 3a/1aua MapIpyTH3aiy Oblia chopMyaIupoBaHa Kak 3a-
Jlaya KUTaCKOTO MOYTAIbOHA U pelleHa C MPUMEHEHHEM alTOPUTMOB JIeHWKCTphl,
Onmonaca W XaWpxonbiepa. B pesynasrare ObUT MOCTPOSH ONTHMHU3UPOBAHHBIN
MapuIpyT, 00eCTIeYNBAIOIINI TTOJTHOE MOKPBITHE YIIHIl C MUHUMATbHBIMU TOBTOPAMH.
Perienne mo3BosseT COKPATUTh N30BITOYHBIC TIEPEMELICHHS U MTOBBICUTD 3((HEKTHB-
HOCTh pabOThl KOMMYHaJbHBIX CIyk0. B nmanpHeimieM miuaHupyeTcsl pacliupeHue
MOJIENH Ui y4éTa AMHAMMYECKHUX JaHHBIX U MacIITaOMpPOBaHMS Ha MHOTOMAIIHH-
HbIE 1 MHOTOKPUTEPHUAIIbHBIE 3a/1a4l B KOHTEKCTE YMHBIX TOPOJIOB.

KitoueBble cj10Ba: MHTEIUIEKTyalIbHbIE CHCTEMBbI, TUC-TEXHOJIOTHH, YMHBIN
ropoJl, ONTUMHU3ALUS TOPOACKON CPebl, 3a/1a4ya KUTalCKOroO MOYTaIboHa

Jast uurupoBanus: [, Enunxan, H. Xaiimyneaun®, [[. Ocnanosa, b. Amup-
ranveB. VHTeNnekTyanpHas MOJENb MOMCKa ONTHUMAIbHOTO MapIIpyTa MOKPBITHS
BCEX YIIUI] C OTPAaHUYCHUSAMHU T10 TIepeMeIeHusIM//Mex 1y HapoaHbIH )KypHai1 HHPOP-
MaIlMOHHBIX 1 KOMMYHHKAIMOHHBIX TexHomoruid. 2025. T. 6. No. 22. Ctp. 57-74. (Ha
pycc.). https://doi.org/10.54309/1J1CT.2025.22.2.004.

KoH}umKT MHTEepecoB: aBTOPHI 3asBIAIOT 00 OTCYTCTBUU KOH(IMKTA UHTE-
pecos.

BbaaromapHocTh: uccie0BaHNE BBIMOIHEHO MpU (UHAHCOBOHM MOAEPIKKE
Komutera Hayku MuHUCTEpPCTBAa HayKH M BbICIIEro oopaszoBanusi PecnyOnuku Ka-
3axcTaH B paMmkax jgoroopa Nel07/KMVY-5-24-26 ot 20.06.2024 o HaydyHOMY TTIpO-
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ekty IRN AP22784985 «Pa3paboTka MHTEIUIEKTyaIbHOM MPOTpaMMHO-aNapaTHON
CHUCTEMbI MOHUTOPUHTA, BU3yAJIM3AlMU U aHAJIN3a TOPOJCKUX TAHHBIX C UCIIOJIb30Ba-
HUEM MOOMJIBHBIX JAaTYUKOBY.

Introduction

Modern cities face significant challenges in efficiently managing the move-
ment of municipal and service vehicles tasked with covering large and complex urban
areas. Traditional route planning methods often result in redundant travel, wasted
resources, and delayed services due to their inability to adapt to dynamic constraints
such as time windows, traffic, and partial accessibility. This leads to increased opera-
tional costs, inefficient use of manpower, and environmental impact.

The idea of the research is to develop a model that allows for covering all
streets and key points in the city of Astana with minimal travel. Using the developed
method, the system enables significant cost and time savings when applied to prac-
tical tasks such as planning the routes for snowplows, dynamically measuring air
quality indicators, watering city plants, and many others.

The main goal is to develop an intelligent system for finding the optimal route
to cover multiple points in the city of Astana, considering time constraints and possi-
ble movement limitations. This research is part of the broader Smart City initiative,
which includes tasks related to intelligent systems, optimal route search problems,
work with GIS technologies, and data analysis.

In this research, the focus is on creating optimal transport routes across the
city of Astana. This will allow for the actualization and integration of data from dif-
ferent systems in one place, helping to solve optimization tasks that are crucial for
practical applications. These applications include, but are not limited to, determin-
ing snowplow routes, dynamically monitoring air quality, optimizing plant watering
schedules, and many more.

The novelty of this work lies in the development of an efficient system for
solving smart city problems, such as determining optimal routes for covering a single
region of the city, with demonstrated practical impact.

Literature Review

Urbanization is rapidly transforming global demographics. According to the
United Nations’ report, more than half of the world’s population now lives in urban
areas, and this figure is expected to rise to 70 percent by 2050 (United Nations, 2023:
34). This trend calls for sustainable urban management using modern information and
communication technologies.

One strategic response is the Smart City concept, which integrates informa-
tion and communication technologies to address these challenges. Many challenges
in smart cities can be framed as classical mathematical problems solvable with mod-
ern technologies, such as artificial intelligence (AI) and optimization methods used
in mathematics, computer science, and economics. Optimization helps solve complex
problems by identifying the best solution from a range of alternatives while consid-
ering urban constraints. One of the most important applications of Al and optimiza-
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tion in urban environments is the transportation problem - a classical linear program-
ming problem that seeks the most efficient distribution of resources while minimizing
transportation costs. As automated systems become more common and more data is
constantly being produced, these classic problems have become useful and relevant
again in real-world situations. A key area where optimization plays a crucial role in
smart cities is transportation management.

In the transportation problem, mathematical models are used to determine
routes with minimal cost and maximal safety by accounting for transportation ex-
penses, time constraints, and other limitations between sources and destinations. In
simple terms, these models aim to improve safety and reduce costs by controlling key
influencing factors. Multi-objective decision-making in transportation tasks can be
achieved using Al, mathematical modeling, and heuristic search algorithms such as
genetic algorithms. For example, Al techniques enable models to adapt route plan-
ning in the presence of dynamic disruptions, such as weather conditions and accidents
(Prakash et al., 2024: 172094).

In most cases, the goal of transportation optimization is to minimize overall
transportation costs (Prifti et al., 2020: 5; Malacky & Madlenak, 2023: 323-329).
The origins of the transportation problem can be traced back to the work of Newton,
Leibniz, and Lagrange in the 18th and 19th centuries, with the foundations of modern
linear programming laid by French mathematicians such as Jean-Baptiste and Joseph
Fourier. Numerous researchers have since contributed to advancing transportation
optimization through real-world applications and simulation tools. Kukharchyk, for
example, applied mathematical models to cost optimization in transportation tasks,
underlining the importance of constraints when shipment volumes are predetermined
(Cao, 2022: 2). Mojtahedi et al. proposed a coordinated vehicle routing framework
for solid waste management that optimizes financial, environmental, and social ob-
jectives (Mojtahedi et al., 2021: 100220). However, these studies do not provide a
concrete case study based on real-world data. Yao et al. address the scheduling prob-
lem of electric buses with multiple vehicle types, considering range, charging time,
and energy use, and present a case study on a real-world transit network in Beijing
(Yao etal., 2019: 101862). Also, Gunawan et al. studied the optimization of shipping
routes for container ships operating between Indonesia and the Asia-Pacific region
(Gunawan et al., 2023: 1360). They used and compared different heuristic algorithms
to solve a route optimization problem where fuel costs were minimized.

While traditional methods have provided valuable insights, modern urban lo-
gistics have increasingly shifted towards machine learning techniques such as rein-
forcement learning. (RL). This is a type of machine learning where an agent learns to
make decisions by interacting with an environment. The goal is to maximize a reward
signal over time. For instance, Khaidem et al. use human mobility data to train and
evaluate policies in a realistic simulation environment, where their RL algorithm ap-
proximates the system dynamics and finds optimal traffic policies (Khaidem et al.,
2020: 171528-171541). Another study shows that deep reinforcement learning can
effectively reduce delivery time by optimizing delivery routes (Xing & Cai, 2020:
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334-338). Phiboonbanakit et al. combine a reinforcement learning model with a tree-
based regression model to evaluate route feasibility based on the current state and
action, enabling the RL agent to adjust its decisions for optimal vehicle routing (Phi-
boonbanakit et al., 2021: 163325-163347). However, the proposed methodology is
limited by its reliance on stored experiences, which may be ineffective for unfamiliar
event patterns and insufficient for handling uncertainties such as demand, vehicle
utility, and productivity.

One of the fundamental challenges in urban route planning involves covering
multiple locations while accounting for operational constraints such as travel efficien-
cy and resource limitations. This challenge is formally recognized in mathematics
as the Chinese Postman Problem, or Route Inspection Problem, which focuses on
determining a traversal of all edges in a network with minimal repetition and cost.
Solving the CPP in real-world conditions is complex, requiring consideration of vari-
ous factors that affect optimal route design and operating costs. Examples include the
number of vehicles needed, the presence of dead-end streets, fuel consumption, road
conditions, and time-dependent constraints (Rao et al., 2011: 2785-2790). To address
this combinatorial optimization challenge, mathematical techniques can serve as
powerful tools for generating effective and efficient routes. Matsuura and Takazawa
introduced a heuristic algorithm for the Maximum Benefit CPP that reflects practical
needs by prioritizing streets with higher service value, even if they must be traversed
more than once (Matsuura & Takazawa, 2022: 1283—-1291). Another study by Li et
al. addressed the complex challenge of delivering emergency supplies when multiple
disasters occur simultaneously (Li et al., 2024). It proposed a vehicle routing system
that prioritizes deliveries based on the urgency of demand, ensuring that items with
higher urgency are distributed first. Such prioritization is especially valuable in sce-
narios where both urgency and resource optimization are significant.

One of the most practical urban applications of the Chinese Postman Problem
is snow removal, where the objective is to cover all streets with the fewest possible
passes. Previous studies, such as Sullivan et al. combined network clustering and
vehicle routing with capacity limits to improve coverage during snow and ice events
(Sullivan et al., 2019: 18-31). Another approach is using the tabu search algorithm
to optimize snowplow routing (Xu et al., 2022: 199-211). While effective in certain
scenarios, these methods often fail to fully reflect real-world constraints. Additional
factors such as one-way streets, turn restrictions, and varying traffic conditions also
significantly influence the structure and efficiency of route planning.

This research project seeks to propose a more advanced and practical route
optimization strategy tailored to municipal operations in Astana, with a focus on
snow removal. The methodology incorporates the Chinese Postman Problem and ap-
plies a linear algorithm to generate initial routes and shortest paths (Siloi et al., 2021).
By integrating operational constraints, the goal is to identify cost-effective routing
solutions that address the limitations of existing methods.
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Data Collection

As a first step in this research project, it was essential to gather up-to-date and
detailed information on the street network of Astana. This data is crucial for building,
analyzing, and visualizing the city’s street layout accurately. To achieve this, various
mapping APIs were reviewed and compared to select the most suitable one for the
project. The selection of the most appropriate mapping API was based on several
criteria, including data completeness and accuracy, ease of use and integration with
other tools, and overall cost-effectiveness—especially since many services require
paid access.

Among the most widely used APIs are Google Maps, Yandex Maps, 2GIS,
Mapbox, OpenStreetMap (OSM), Bing Maps, and ArcGIS. Each of these APIs comes
with its own strengths and limitations in terms of data accessibility, accuracy, and
pricing.

The main drawback of using the 2GIS API for the project’s research tasks
was the limitation on the number of requests (no more than 3,000) and the short
duration of the free version (3 months), which necessitated payment to increase the
request quota and ensure continuous access. Additionally, 2GIS is primarily focused
on providing data about businesses and reviews, whereas the research required more
detailed routing information, along with the ability to develop and integrate custom
algorithms with maps for the city of Astana. Similarly, the Mapbox API presented
challenges due to the complexity of working with its interface components. Despite
its capabilities, the difficulty in navigating and utilizing the various components made
it less ideal for the project’s specific needs. Given these limitations, OpenStreetMap
API emerged as the preferred solution for the project. It offers a powerful, flexible,
and open-source tool for geographic data, which aligns with the research objectives.
Its ease of use and ability to provide the necessary data in a convenient format made
it the most suitable choice for the project’s requirements.

For visualizing the road network of Astana, the OSMnx Python library (v1.6.0)
was used for spatial analysis and visualization. The NetworkX library was also em-
ployed to analyze network structure through metrics such as centrality, connectivity,
and shortest paths. Together with OSMnx, NetworkX enhances the analytical capaci-
ty for complex urban networks. Astana’s street network was visualized in two differ-
ent color schemes using graph from_place () for the entire city.

For detailed statistical analysis, the graph was first converted into a geospatial
dataset using the osmnx.graph to gdfs() function. This function allows extraction of
either nodes, edges, or both as GeoDataFrames, enabling comprehensive analysis of
intersections and street segments. The resulting dataset contains numerous columns,
most of which correspond to OpenStreetMap tags. For instance, the columns u and
v represent the start and end nodes of each edge, reflecting the network’s topology.
Additional attributes include bridge presence, number of lanes, edge length, speed
limits, street names, directionality, and more.
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Fig. 1. Graph of the City of Astana in Different Color Palettes

The graph from_ bbox function is used to generate street network data within
a specified bounding box, while the graph from point function allows for visualiz-
ing a street network graph centered on a specific geographic point within a defined
distance in meters. An example of filtering the city graph to display only the Expo
district of Astana is shown below. To make the visualization more intuitive, various
color elements can be applied to the graph’s nodes and edges.
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Fig. 2. Afiltered Graph of Astana from the Point 51.0975, 71.4176 with a Distance of 1,250 meters

In the extracted street network graph of the entire city of Astana, there are a
total of 18,091 edges, all of which are tagged. The distribution of edge types is pre-
sented in Table 2. The raw data is complex, so it needs preprocessing before we can
fully understand or analyze it.

A total of 7,445 nodes are present in the Astana street network. Of these, 595
are marked as specific features: 581 as traffic_signals or city intersections, 10 as mo-
torway_junctions, 3 as crossings, and 1 as a milestone.
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Table 1. Distribution of Edges (Streets) by Type in Astana

Edge Type (Original OSM Name) Count
Residential 11,931
secondary 1,984
tertiary 1,728
unclassified 1,301
primary 453
secondary link 240
tertiary link 128
trunk 125
primary_link 112
trunk link 60

[unclassified, residential]

[tertiary, residential]

living_street

[tertiary, secondary]

[secondary, residential]

[residential, living_street]

[motorway, trunk]

road

ol B BN SN B ST NS 3 I (S 3 oGl o]

motorway

Methodology

The problem of finding a route that covers all streets originates from graph
theory, specifically the famous Seven Bridges of Konigsberg problem, where the ob-
jective is to find a route that traverses every edge exactly once (Susitha, 2023). How-
ever, in most real-world scenarios, the graph is not Eulerian, meaning it is impossible
to visit each street just once without repetition. A Eulerian graph is a graph containing
a closed walk that includes every edge exactly once (Deo, 2016). Therefore, finding
an optimal route can be reframed as the more general and well-known Chinese Post-
man Problem with the goal is to visit every street in a certain district or across an en-
tire city at least once. An algorithm is needed to accomplish this efficiently and avoid
unnecessary detours or multiple traversals of the same street. The desired solution is
an optimal route that covers every edge at least once while minimizing the total length
of the journey. To solve this, the research project employed a method based on min-
imum matching, as proposed by Edmonds and Johnson (Edmonds & Johnson, 1973:
88—124). Their work leverages matching theory to identify an optimal graph structure
that supports a Eulerian tour.

In most real-world urban networks, such as Astana’s street map, the corre-
sponding graph is not Eulerian, meaning that not all vertices have an even degree.
This makes a direct traversal without edge duplication impossible. The key idea be-
hind this solution is to transform the graph into a Eulerian multigraph by duplicating
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certain edges. The goal is to identify the minimum set of additional edges required
to ensure that all vertex degrees become even, thus making it possible to compute a
Eulerian circuit. The algorithm is visualized below:

l

distances[u] «—
Dykstra(G. u)

foreach (u,v) EM

l path «— shortest_path
betweenuand vin G

K +— new Graph()

Y

edge e in path

duplicate edge e
n G
(Vimod 2£0 weight — l
distances[u][v]
circuit «—
l Hierholzer(G)

K add_edge(u, v,
weight)

vertex u € o
odd_vertices M — MinimumWeightMatching(K)

Fig. 3. Block Diagram of the Chinese Postman Problem

odd_vertices «— @

The process begins by identifying all vertices with an odd degree (Step 1).
Since a Eulerian circuit can only exist if all vertex degrees are even, these odd-de-
gree vertices must be paired in a way that balances the graph. In Step 2, the shortest
paths between all pairs of odd-degree vertices are computed using Dijkstra’s algo-
rithm, which is suitable for real road networks with non-negative edge weights. These
shortest paths are then used to construct a complete weighted graph (Step 3), where
each vertex corresponds to an odd-degree vertex from the original graph, and edge
weights represent the distance of the shortest path between them. In Step 4, we apply
Edmonds’ algorithm to find a minimum-weight perfect matching on this complete
graph. The result is a set of disjoint pairs of odd-degree vertices such that the total
weight of the added paths is minimized. For each matched pair, the corresponding
shortest path is duplicated in the original graph (Step 5). This ensures that all vertices
now have even degrees, resulting in a Eulerian multigraph. Finally, Hierholzer’s algo-
rithm was applied (Step 6) to generate the Eulerian circuit. The Hierholzer algorithm
requires certain conditions to be met — specifically, the graph must be connected, and
all nodes must have even degrees. It proceeds as follows:
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1. Select any vertex as the current node to start the traversal

2. While the current vertex has unused edges:

a. Select one of the unused edges

b. Traverse to the adjacent vertex

c. Remove the traversed edge from the graph

3. If the current vertex has no unused edges, push it onto a stack

4. If the stack is not empty, pop a vertex from the stack and make it the current
vertex.

5. Repeat steps 2—4 while there are vertices in the stack.

The algorithm starts at any vertex and moves along unused edges to connected
vertices, removing each edge after it is used. When there are no unused edges left at
the current vertex, it is saved on a stack, and the algorithm backtracks by returning
to previous vertices from the stack. This process continues until all edges have been
visited exactly once. It produces a path sequence that ensures every edge (including
the added duplicates) is traversed exactly once.

Algorithm 1. Chinese Postman Problem

Input: G(V, E) — an undirected graph representing the street network

Output: circuit —a minimal-cost Eulerian tour covering all original edges of G

Procedure:

1. Identify all vertices with odd degree:

odd vertices «— @

for each vertex v € V:

if degree(v) mod 2 # 0:

add v to odd_vertices

2. Compute shortest paths between all pairs of odd-degree vertices (Cormen
et al., 2022):

distances < €

for each vertex u € odd vertices:

distances[u] «— Dijkstra(G, u)

3. Construct a completely weighted graph K over odd vertices:

K « new Graph()

for each pair (u, v) € odd vertices, u # v:

weight «— distances[u][v]

K.add edge(u, v, weight)

4. Find a minimum-weight perfect matching M in graph K (using Edmonds’
algorithm) (Galil, 1986: 23-38):

M «— MinimumWeightMatching(K)

5. Duplicate the shortest paths corresponding to matched pairs in G:

for each (u, v) € M:

path < shortest path between u and v in G

for each edge e in path:

duplicate edge e in G

6. Apply Hierholzer’s algorithm to construct a Eulerian circuit (Kronegger,
2016):

circuit «— Hierholzer(G)
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To validate the proposed algorithm, we applied it to a selected region of the
city of Astana, focusing on a 750-meter radius around the “Triumphal Arch” area on
the left bank. The original street graph was derived from OpenStreetMap data using
the OSMnx library and converted into an undirected format to allow bidirectional
traversal. This conversion is particularly important in real-world networks where one-
way streets could disrupt Eulerian traversal.

In the initial stage, 62 vertices with odd degrees were identified in the sub-
graph. This set of vertices defined the scope for the matching problem. Using the
NetworkX implementation of Dijkstra’s algorithm, shortest paths were computed be-
tween every pair of these odd-degree nodes. The results were then used to construct
a complete auxiliary graph, where the weight of each edge represented the length of
the corresponding shortest path in the original network.

To determine the optimal set of edge duplications, a custom implementation
of Edmonds’ algorithm was employed to find the minimum-weight perfect match-
ing. Each matched pair represented a pair of odd-degree nodes to be connected via
duplicated paths. These paths were then traced and added back to the original graph,
transforming it into a valid Eulerian multigraph.

This methodology is highly adaptable and can be applied to various municipal
services such as snow removal, street cleaning, or delivery routing, where complete
street coverage with minimal redundancy is essential. For example, in snow plowing
activities, it ensures all streets are plowed without unnecessarily repeating any of
them, which saves time and gasoline. Similarly, for street sweeping, the approach
helps in optimizing sweeping routes for covering all the roads systematically while
minimizing overlap. In delivery routing, the method helps in designing routes that
cover all the required locations with minimal backtracking, improving the speed of
service and reducing the expense of operations. Overall, by eliminating duplicated
travel, the method improves the utilization of resources, lowers emissions, and in-
creases the efficiency of public service operations in smart cities.

Results

The algorithm of solving Chinese Postman Problem is demonstrated on
a selected area of the left bank of Astana, centered around the “Triumphal Arch”
(51.10415184350422, 71.42986881334336), including all nearby streets and cross-
roads within a 750-meter radius. For simplicity, the original directed multigraph
was converted into an undirected graph, allowing bidirectional traversal on one-way
streets.

As the first step in the algorithm outlined earlier, we begin by identifying all
nodes with an odd degree using the graph.degree() function to automate this process.
As a result, we found 62 nodes in the graph that have an odd degree.

The next step involved calculating the shortest distances between each pair of
these odd-degree nodes. For this, we used Dijkstra’s algorithm — a well-known and
widely applied method, particularly effective for computing shortest paths in road
networks. Specifically, we employed the nx.dijkstra path length() function from the
NetworkX library, feeding in all possible combinations of the odd-degree nodes. The
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output provided the shortest path lengths for each unique pair of nodes, which we will
refer to in the following steps.

Next, using the previously obtained list of weighted edges a complete graph
is constructed, and a minimum weight matching is found. To achieve this, a custom
function was developed. It takes the list of weighted node pairs as input and returns a
matched list of edges with their corresponding weights. The output of this function is
a set of optimal pairings that minimizes the total added distance.

To provide a more intuitive visualization of the resulting graph, the matched
nodes are displayed on a plot, with different colors used to distinguish the pairs in the
matched graph.
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Fig. 4. Graph Within a 750-Meter Radius Around the “Triumphal Arch” Point

Next, it is necessary to list all edges of the augmented graph, including both
the original edges and those added during the minimum matching step. In other words,
the nodes from both graphs are represented as edges using OSMnx identifiers, which
are expressed as integers ranging from zero to the total number of nodes. The result
is a list of node pairs, such as (0, 43), (0, 20), (0, 2), (1, 3), (1, 4), (1, 66), and so on.

After this step, the Eulerian path is computed using the Hierholzer algorithm
(also known as Eulerian circuit traversal). This algorithm constructs a path that visits
every edge in the graph exactly once. The output of the Hierholzer algorithm is a
sequence of integers, where each number represents a vertex in the graph—for ex-
ample: 0, 43, 74, 77, 42, 41, 51, 52, 34, 51, 34, 35, 25, 24, and so on. This resulting
sequence is then converted back into the OSMnx node ID format and can be visual-
ized on the map. An excerpt of the final traversed path through the graph is shown in

Table 2 as a set of node pairs.
To provide a more dynamic visualization, 14 intermediate steps of the graph
traversal are shown below, as the full traversal involves many steps.
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Table 2. Final Graph Traversal Path

From To
1773441975 1773441979
1773441979 1773441975
1773441975 2639882499
2639882499 1773441998
1773441998 2639882499
2639882499 5263395275
5263395275 5263395273
5263395273 5263395275
5263395275 5263395272
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Fig. 5. Step-By-Step Traversal of the Graph

The implemented algorithm successfully generated an optimal route that effi-
ciently covers all streets in the target city area with minimal total travel distance. By
framing the problem as a Chinese Postman Problem and applying the Edmonds and
Johnson solution, the method effectively constructed a Eulerian multigraph that ac-
counts for necessary edge duplications. This allowed the identification of a Eulerian
trail representing the most efficient traversal sequence. The resulting route ensures
full coverage of the street network while minimizing redundant travel, demonstrating
the practical effectiveness of the proposed approach in urban route optimization.

Conclusion

The study contributes to the field of route optimization under constraints by
developing an intelligent model for identifying an optimal route that covers all streets
in the city of Astana, while accounting for real-world movement limitations. The al-
gorithm, tested on real geospatial data, showed promising results and holds potential
for improving urban transport planning, logistics, and infrastructure maintenance.

This model has several impactful applications. In the public sector, it can as-
sist city planners and municipal services in optimizing street cleaning, snow removal,
garbage collection, and road inspection operations, especially in cities facing extreme
climates or rapid urban development like Astana.

However, the model has certain limitations. It assumes static conditions and
does not yet incorporate dynamic factors such as real-time traffic, weather conditions,
or road closures. Additionally, it does not currently account for resource constraints
like vehicle fuel consumption, driver working hours, or the number of available ve-
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hicles.

Future research could focus on extending the model to dynamic routing sce-
narios, integrating real-time data streams, and developing multi-vehicle or multi-ob-
jective optimization versions. Furthermore, future research could explore the scal-
ability of the proposed approach to other cities with different urban structures and
transportation needs.

With further development, the model has the potential to grow into a power-
ful tool for supporting smart city operations by helping cities deliver services more
efficiently, lessen their environmental footprint, and make everyday urban life more
comfortable and sustainable for residents.
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