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Abstract. This study investigates the structural robustness of Astana’s bus trans-
port network using complex network theory. The network was modeled in L-space based 
on open 2GIS data, where bus stops represent nodes and route segments represent edges. 
Key metrics, including the size of the largest connected component, mean shortest path 
length and mean inverse path length, were analyzed under both random and targeted 
failure scenarios. The results show that the network maintains high resilience to random 
disruptions but is highly vulnerable to targeted removals of high-betweenness nodes 
and bridge edges, which act as critical connectors between major urban areas. Their 
removal leads to rapid fragmentation and a collapse of global connectivity. The findings 
highlight the imbalance between local redundancy and global dependency within the 
city’s public transport system and provide a foundation for resilience-oriented planning, 
emphasizing redundancy reinforcement and diversification of inter-hub connections to 
ensure uninterrupted service during disruptions.
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Аннотация. Бұл зерттеуде Астананың автобус көлік желісінің құрылым-
дық орнықтылығы күрделі желілер теориясы тұрғысынан талданды. Желi 2GIS 
платформасының ашық деректері негізінде L-кеңістікте модельденді, мұнда ав-
тобус аялдамалары түйіндер ретінде, ал маршрут бөліктері қырлар ретінде қара-
стырылды. Негізгі көрсеткіштер, ең үлкен байланысқан компоненттің өлшемі, 
орташа ең қысқа жол және орташа кері жол ұзындығы, кездейсоқ және мақсатты 
істен шығу сценарийлері жағдайында талданды. Нәтижелер көрсеткендей, желі 
кездейсоқ бұзылуларға жоғары төзімділік танытқанымен, жоғары делдалдық ор-
талықтылыққа ие түйіндер мен көпірлік қырларды жою кезінде едәуір осал бо-
лып келеді. Мұндай элементтердің жойылуы желінің тез фрагментациялануына 
және жаһандық байланыстылықтың үзілуіне әкеледі. Зерттеу нәтижелері қалалық 
қоғамдық көлік жүйесіндегі жергілікті артықтық пен ғаламдық тәуелділіктің тең-
герімсіздігін айқындай отырып, орнықтылыққа бағытталған жоспарлауға негіз қа-
лайды. Бұл бағытта көпір өткелдеріндегі қайталама байланыстарды күшейту мен 
торапаралық қосылыстарды әртараптандырудың маңыздылығы атап өтіледі.

Түйін сөздер: қоғамдық көлік желісі, күрделі желілер теориясы, құрылым-
дық орнықтылық, желінің орнықтылығы, делдалдық орталықтылық, мақсатты 
шабуылдар, желінің осалдықтарын талдау
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Аннотация. В настоящем исследовании анализируется структурная 
устойчивость автобусной транспортной сети Астаны с использованием методов 
теории сложных сетей. Сеть моделировалась в L-пространстве на основе 
открытых данных платформы 2GIS, где автобусные остановки представлены в 
виде узлов, а участки маршрутов в виде рёбер. Основные показатели, включая 
размер наибольшего связанного компонента, среднюю кратчайшую длину пути 
и среднюю обратную длину пути, были проанализированы при случайных и 
целенаправленных сценариях отказов. Результаты показали, что сеть обладает 
высокой устойчивостью к случайным сбоям, но проявляет значительную 
уязвимость при целенаправленном удалении узлов с высокой посреднической 
центральностью и мостовых рёбер, выполняющих функцию ключевых 
соединителей между основными городскими зонами. Их удаление приводит 
к быстрой фрагментации сети и потере глобальной связности. Полученные 
результаты выявляют дисбаланс между локальной избыточностью и глобальной 
зависимостью в системе общественного транспорта города и создают основу для 
планирования, ориентированного на повышение устойчивости, с акцентом на 
усиление дублирующих связей и диверсификацию межузловых соединений для 
обеспечения непрерывности транспортного обслуживания при сбоях.

Ключевые слова: сеть общественного транспорта, теория сложных сетей, 
структурная устойчивость, устойчивость сети, посредническая центральность, 
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Introduction.
In the context of rapid urban growth and increased uncertainty in transport de-

mand, the resilience and reliability of public transport become key factors of urban 
safety and quality of life. The approach of complex network theory has proven effective 
for quantitatively assessing the connectivity and vulnerability of transport systems: such 
networks often exhibit robustness to random failures while showing heightened sensi-
tivity to targeted impacts on the most significant elements (Ge et al., 2022). However, 
for Astana there is no systematic robustness assessment that directly contrasts random 
failures with targeted disruptions to nodes and edges. To address this gap, we quantify 
the robustness of Astana’s bus network under both random and targeted scenarios and 
outline planning-relevant implications. We analyze Astana’s bus network using stop and 
route data sourced from 2GIS, within the city’s administrative boundaries.

Astana is a young capital with a rapidly changing spatial structure and pronounced 
monocentricity, divided by the Yesil River into large functional zones and connected by 
a limited set of bridge crossings that form potential “bottlenecks” for passenger flows. 
Climatic extremes (a long and cold winter with strong winds) reinforce the requirements 
for network reliability and route redundancy: even short-term outages of nodes and links 
during peak periods can lead to cascading overloads of adjacent corridors (Huang et 
al., 2023). Given the dominance of bus services (in the absence of a fully functioning 
inner-city rail system), redundancy of transfer alternatives is critical, especially on the 
arteries crossing the river and in areas of mass residential development on the right and 
left banks (Jia et al., 2019).

The aim of this study is to quantitatively assess the structural robustness of Asta-
na’s bus network and to identify the key elements that determine its reliability under var-
ious disruption scenarios. We model the network in the L-space representation: nodes 
are stops, edges are sequential links along routes; we analyze the network’s response 
to sequential removal of nodes/edges both in random order and in order of decreasing 
degree and betweenness centrality; we track the dynamics of the share of the largest 
connected component S(c), the mean and maximum shortest path length, as well as 
the mean inverse path length, correctly defined for disconnected graphs (Tran et al., 
2019). Additionally, we consider scenarios of “cascading effects”, wherein the failure of 
a critical stop leads to the removal of the routes serving it, thereby simulating realistic 
failure propagation (Li et al., 2025). Details of the materials, metrics and experimental 
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procedures are provided in the “Materials and Methods” section.
The novelty of this study lies in integrating a comprehensive complex-network 

assessment of Astana’s bus network robustness, explicitly contrasting random and tar-
geted failure scenarios, with a direct translation of degradation curves and identified 
critical nodes and links into practice-oriented recommendations. This perspective links 
network indicators to Astana’s public transport development strategy, prioritizing un-
interrupted service under challenging climatic and spatial conditions. The object of the 
study is the bus transport network of Astana; the subject is its structural robustness under 
random and targeted node and edge removals. We hypothesize that the network main-
tains substantial tolerance to random failures but exhibits pronounced vulnerability to 
targeted disruptions of high-betweenness transfer nodes and bridge edges.

Materials and methods.
Observations of urban public transport routes show that their paths form a net-

work with a complex structure. This approach makes it possible to view transport sys-
tems through the lens of complex network theory, where public transport infrastructure 
is modeled and analyzed using graph-theoretic tools (Derrible & Kennedy, 2011). Over 
the past decades, the concept of complex networks has become a central field of re-
search, combining methods from graph theory and statistical physics. Within this frame-
work, a network is defined as a set of nodes connected by edges, allowing interactions 
to be described in both natural and man-made systems.

Particular attention in complex network studies is paid to nontrivial properties 
that differ sharply from those of classical random graphs. In particular, it has been found 
that such networks exhibit the small-world effect, short distances between nodes, a 
high level of local clustering and a pronounced ability for self-organization (Xiao et al., 
2024). These characteristics ensure robustness against random failures while making the 
system vulnerable to targeted attacks on key elements, a pattern repeatedly observed in 
real-world transit networks (Cicchini et al., 2024).

Applying this approach to transport systems makes it possible to reveal hidden 
patterns in their structure, assess connectivity and resilience levels and detect correla-
tions that go beyond random link distributions (Chen et al., 2024; Hassan et al., 2022). 
Thus, analyzing a bus network as a complex system allows not only for a graph-based 
structural description but also for conclusions about its reliability and operational ro-
bustness.

For this study, a custom Python parser was developed to automatically collect 
open data from the 2GIS platform. The data were collected in September 2025, meaning 
that all network topology and route information used in the analysis reflects the actual 
state of the public transport system at that moment. The parser extracts the complete set 
of bus stops and routes within the administrative boundaries of Astana, recording the 
ordered sequence of stops for each route. The resulting data are stored in CSV format 
to ensure reproducibility and subsequent processing. Based on these data, the transport 
network is represented as a graph, which enables the application of methods of complex 
network theory to analyze its structure and robustness. All calculations and network 
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metrics were performed using the NetworkX library in Python.
In this study, the bus network is modeled in the L-space representation. Each 

stop corresponds to a node, while consecutive stops along a route are connected by 
edges, following standard practice in spatial analyses of bus transport networks (Shan-
mukhappa et al., 2018). Thus, the resulting graph captures the structure of the bus net-
work, where edges reflect the actual sequence of movements along bus routes.

Several basic indicators are used to describe the structural properties of the trans-
port network. One of them is the average node degree ⟨k⟩, which shows how many con-
nections each vertex of the graph has on average. It is calculated as

                                                                                                  (1)          
where M is the number of edges and N is the number of nodes.
Another important parameter is the average shortest path length ⟨l⟩, which char-

acterizes the average distance between all pairs of nodes within a single connected com-
ponent.

                                            (2)
where l(𝑖,𝑗) is the shortest path between nodes 𝑖 and 𝑗.
Additionally, the maximum shortest path length , corresponding to the 

longest shortest distance in the network, is also considered. This indicator reflects the 
graph’s diameter and allows for an assessment of its overall “spread”.

Another important characteristic of the transport network is the clustering coeffi-
cient. It shows how tightly the neighbors of each vertex are connected to each other. For 
a given node 𝑖, this indicator is calculated as

                                                       (3)
where yⱼ denotes the number of edges between the neighbors of vertex iⱼ and 

kⱼ is its degree. The average value across all nodes gives the clustering coefficient of 
the entire network. For convenience, it can be normalized to the value obtained for an 
Erdős–Rényi random graph of comparable size:

                                                     (4)                 
This parameter reflects the tendency of the network to form local “triangles”, 

thus demonstrating the level of internal connectivity.
In addition, to analyze the network structure, the degree distribution of nodes 

P(k) is used. It shows the probability that a randomly chosen vertex has degree k. In real 
transport networks, the degree distribution often follows a power-law of the form

                                                                       (5)
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where the exponent 𝛾 characterizes the rate of decay of the distribution. 
Additionally, we report two aggregate measures related to the degree distribtion. 

The parameter  denotes the Molloy–Reed ratio which provides a 
criterion for the existence and robustness of the giant component. The parameter 

denotes  the ratio of the mean number of second neighbors to first neigh-
bors; deviations between  and  indicate degree correlations and structural het-
erogeneity of the network.

To identify which specific nodes are structurally critical for maintaining connec-
tivity, the betweenness centrality metric is used. It shows how often a vertex 𝑖 appears 
in the shortest paths between other pairs of nodes:

(6)                               

where  is the number of shortest paths between nodes 𝑗 and 𝑘 and (𝑖) is 
the number of such paths that pass through node 𝑖. The average value of makes it 
possible to identify nodes that play a key role in the transport system.

Within a percolation-theoretic framework, we assess the robustness of Asta-
na’s bus network by iteratively removing elements and monitoring how its structure 
degrades. At each step of the experiment, a single node or edge is removed according 
to a specified strategy, all network indicators are recalculated on the modified graph, 
and the procedure continues until almost all elements are eliminated. This setup allows 
us to directly compare accidental failures with informed attacks that target structurally 
important components.

We consider two main classes of node-removal scenarios. In random failures, 
nodes are selected uniformly at random. In targeted attacks, the removal order is adap-
tive: after each step, the node with the highest current structural importance, measured 
by degree or betweenness centrality, is removed, so that the attack dynamically follows 
the evolving network (Pei et al., 2024). Additionally, we examine a modified random 
strategy in which, at each step, a random node is chosen and then one of its neighbors 
is removed, which increases the probability of eliminating well-connected nodes (Shi et 
al., 2023). These strategies capture a spectrum from purely random disruptions to delib-
erately focused attacks (Furno et al., 2021).

An analogous set of scenarios is defined for edge removals. Edges are either 
removed uniformly at random or in a targeted fashion based on their structural role, 
with priority given to connections that either exhibit high edge betweenness centrality 
or link high-degree nodes, acting as “bridge links” between major corridors of the net-
work (Cao et al., 2025; Rahman et al., 2000). To formalize this, concepts traditionally 
applied to nodes are extended to edges: the degree of an edge connecting nodes 𝑖 and 𝑗 
is defined as
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                                                                   (7)    
where and  are the degrees of the incident nodes. This provides a consis-

tent basis for comparing node- and edge-based attack strategies.
Percolation theory characterizes network degradation through the presence and 

size of a “giant component”. To quantify how much of the network remains connected 
after removing a fraction 𝑐 of elements, we use the normalized size of the largest con-
nected component

                                                                         (8)
	 where N1(𝑐) is the number of nodes in the largest component after removals 

and 𝑁 is the total number of nodes in the original network. Values 𝑆(𝑐) = 1 indicate a 
largely connected system, whereas 𝑆(𝑐) → 0 signifies fragmentation into small, isolat-
ed clusters.

To capture changes in efficiency within the remaining connected structure, we 
compute the average inverse shortest path length

                                                 (9)
where l(𝑖 ,𝑗) is the shortest path between nodes 𝑖 and 𝑗. For disconnected pairs, 

. 
Unlike the standard average path length, this measure remains well-defined when the 
network splits into multiple components, as unreachable pairs contribute zero rather 
than making the metric undefined. It therefore provides a sensitive indicator of how 
route accessibility deteriorates under progressive disruptions (Mussone & Notari, 2021).

Random removal experiments demonstrate a self-averaging behavior: repeated 
trials yield nearly identical degradation curves. In contrast, targeted removal rapidly 
suppresses both 𝑆(𝑐) and , because nodes and edges with the highest structural 
significance are eliminated early (Jin et al., 2022; Zhang, 2017).

A quantitative evaluation of the transport network’s resilience was conducted 
alongside the qualitative vulnerability analysis. Resilience reflects the network’s abil-
ity to preserve connectivity under node removal. According to percolation theory, this 
property is linked to a critical concentration , beyond which a connected cluster 
forms. For finite networks, however, connectivity gradually decreases over a range of 
concentrations (Zhang et al., 2013).

The normalized size of the largest component 𝑆(𝑐) is used to assess resilience. 
The overall measure is defined as:

                                                                     (10)
This integral quantifies the cumulative effect of node removals and serves as a 

robust indicator of network stability.
Results and discussion.
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The structural analysis of Astana’s bus transport network provides a quantitative 
assessment of its key topological properties within the framework of complex network 
theory. The network is modeled in the L-space representation, where nodes correspond 
to bus stops and edges connect consecutive stops along operational routes, enabling the 
computation of indicators that describe its connectivity, compactness, and local cluster-
ing.

Table 1 – Basic topological metrics of Astana’s bus transport network
Symbol Description Value

N Number of stops 1075
R Number of routes 109

⟨k⟩ Average node degree 3.54

Maximum shortest path 35

⟨l⟩ Average shortest path 11.8
C Clustering coefficient 79.4

Betweenness centrality 5794

Degree correlation (z) 2.3

Degree correlation (k) 4.57

γ Degree distribution exponent 3.66

         Table 1 summarizes the baseline structural metrics of Astana’s bus network. With 
1075 stops and 109 routes, the system is large but relatively sparse: the average node 
degree ⟨k⟩ = 3.54 indicates that most stops have only a few direct onward options. The 
average shortest path  length ⟨l⟩ = 11.8 and the maximum shortest path 
suggest that traveling between spatially distant areas may require long multi-stop and 
indirect routes, which is consistent with the elongated, corridor-like structure of the net-
work. At the same time, the high clustering coefficient C = 79.4 indicates pronounced 
local redundancy, meaning that certain subareas of the network form dense clusters of 

stops that provide short alternative paths even under individual link or node failures.
Figures 1–3 summarize how the bus network responds to random node removal. 

Figure 1 shows the relative size of the largest connected component 𝑆, defined as the 
fraction of nodes that remain within the largest connected subnetwork after a given 
number of removals. As the number of removed nodes increases, 𝑆 exhibits a clear 
monotonically decreasing trend and eventually approaches zero. This behavior reflects 
a progressive loss of global connectivity: the giant component is gradually dismantled, 
and the network ceases to function as a single, city-wide structure. 

A similar decline is observed for the mean inverse path length in Fig. 2. 
This metric is calculated as the average of the inverse shortest-path distance between 
all reachable pairs of nodes (with disconnected pairs contributing zero). The continuous 
decrease of indicates that overall reachability deteriorates even before the network 
becomes fully disconnected, highlighting that inefficiency emerges prior to complete 
fragmentation.
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Fig. 1. Change in the Largest Component Size under Random Node Removal

Fig. 2. Change in Mean Inverse Path Length under Random Node Removal

Fig. 3. Change in Maximum Shortest Path under Random Node Removal

Fig. 3 plots the maximum shortest-path distance  which characterizes 
the effective diameter of the remaining connected structure. In contrast to 𝑆 and ​ 

 first exhibits a pronounced spike. At early stages of random removal, some direct 
links disappear and routes between distant parts of the city are forced to detour through 
longer chains of intermediate stops, so the longest shortest path in the network becomes 
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significantly larger. After a certain threshold, however,  collapses sharply. This 
collapse occurs when the network ceases to behave as one integrated system and 
fragments into many small local clusters; within these small clusters, all shortest paths 
are by definition short, so the global maximum drops.

Taken together, the three curves indicate a two-stage failure pattern. First, the 
system becomes inefficient before it is fully disconnected: even while 𝑆 is still relatively 
high, passengers would already face very long indirect routes, as reflected by the early 
peak in  ​. Later, both 𝑆 and the mean inverse path length fall to very low values, showing 
that the bus network no longer provides city-wide connectivity and instead survives 
only as isolated local components with minimal interaction between them.

Fig. 4. Change in the Largest Component Size under Different Node Removal Strategies

Fig. 4 shows how the relative size of the largest connected component 𝑆 changes 
under different node removal strategies. Here, 𝑆 is defined as the fraction of all nodes 
that remain in the largest connected subnetwork after a given number of removals. In 
addition to purely random removal, three targeted attack strategies are considered: re-
moval of nodes in order of decreasing degree; removal of nodes in order of decreasing 
betweenness centrality; and the “random neighbor” strategy, in which at each step a 
random node is selected and one of its neighbors is removed. The latter procedure is 
known to preferentially affect well-connected (hub-like) nodes, since high-degree nodes 
are more likely to appear as neighbors. For all targeted strategies, the attack sequence is 
updated after each step, so that at every stage the next node is chosen among those with 
the highest current structural importance. 

The curves in Fig. 4 demonstrate that targeted attacks are substantially more 
destructive for network connectivity than random failures. When nodes are removed 
according to degree or betweenness centrality, 𝑆 rapidly declines to values close to zero 
after the removal of a relatively small number of nodes, indicating an early collapse 
of the giant connected component and, consequently, of global connectivity. By con-
trast, under purely random removal the decay of 𝑆 is much slower and extends over a 
considerably larger number of removed nodes, consistent with the robustness typical-
ly observed in heterogeneous public transport networks with hub-like structures. The 
“random neighbor” strategy produces an intermediate effect: it degrades connectivity 
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faster than uniform random removal but less aggressively than fully targeted attacks, 
as it implicitly favors the elimination of locally well-connected nodes without explicit 
computation of global centrality. Overall, Fig. 4 indicates that the Astana bus network 
depends disproportionately on a relatively small set of structurally critical stops; once 
these high-importance nodes are removed, the network fragments rapidly into smaller, 
poorly connected components.

Fig. 5. Change in the Largest Component Size under Different Edge Removal Strategies

Fig. 5 shows how the size of the largest connected component 𝑆 changes when 
edges, rather than nodes, are progressively removed under three different strategies. As 
before, 𝑆 is the fraction of all nodes that remain in the largest connected subgraph. The 
first strategy is random edge removal, where links are deleted uniformly at random. The 
second strategy removes, at each step, the edge with the highest betweenness centrality, 
i.e. the link that is currently most frequently used by shortest paths in the network. The
third strategy removes edges associated with high-degree structure, i.e. links incident to
highly connected hubs, prioritizing the connections that maintain access to those hubs.
In the targeted strategies, importance is recalculated after each deletion, so that at every
step the next link chosen is again among the most structurally critical ones.

The three curves illustrate very different robustness behaviors. When edges are 
removed randomly, 𝑆 decreases slowly and remains relatively high for a long portion 
of the process: even after hundreds of edges are deleted, the network still preserves a 
large connected backbone. This indicates a high tolerance to incidental link failures. By 
contrast, removal based on edge betweenness produces an almost immediate collapse: 
𝑆 plummets after only a small number of deletions, showing that the network’s global 
connectivity relies on a limited set of “bridge” edges that carry many of the shortest 
paths between otherwise weakly coupled regions. Degree-based edge removal produces 
an intermediate pattern: the curve stays flat at first but then exhibits a sharp drop once 
enough high-degree hub connections are severed, after which the giant component rap-
idly fragments. Operationally, this means that connectivity in the Astana bus network is 
not only concentrated in a few critical transfer stops (as in the node-removal analysis), 
but also concentrated in a small number of high-load inter-hub links. Disrupting those 
links, for example, corridors that connect major interchange areas, can split the system 
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into isolated clusters even if most stops themselves remain in service. 
Table 2 – Resilience measure A-value for the PTN of Astana.

Remove Type Value
Random node removal 27.9
Highest-degree node removal 10.9
Highest betweenness node removal 3.5
Random edge removal 47.3
Highest-degree edge removal 41
Highest betweenness edge removal 5.4

In this study, the integral measure 𝐴 is used as an indicator of robustness, de-
fined as the area under the 𝑆(𝑐) curve for a given removal scenario. Larger values of 
𝐴 indicate that the network preserves a substantial connected component over a wid-
er range of perturbations. Using the results reported by von Ferber et al. for London 
and Paris as a benchmark, Astana under random node removal has a robustness value 
of 27.9, which is close to 29.31 for London and below 37.93 for Paris, implying that 
its loss of connectivity under random failures occurs at a rate comparable to London 
and faster than Paris. Under highest-degree node removal, the corresponding values 
are 10.9 for Astana, 10.77 for Paris and 5.45 for London, indicating that the removal of 
degree-based hubs is relatively less critical for Astana’s network structure. In contrast, 
under highest-betweenness node removal Astana exhibits pronounced vulnerability: 3.5 
compared to 8.71 for London and 10.67 for Paris, which shows that targeted removal 
of high-betweenness transfer nodes leads to rapid fragmentation of Astana’s network. 

For edge removal, Astana demonstrates a more moderate pattern: 47.3 under 
random edge removal, compared with 27.45 for London and 56.04 for Paris, and 41.0 
under removal of edges incident to highest-degree nodes, compared with 20.95 for Lon-
don and 47.12 for Paris. However, under removal of highest-betweenness edges the 
value for Astana drops to 5.4, while London and Paris retain substantially higher levels 
(27.2 and 55.93, respectively). This implies the presence of a small set of critical links 
in Astana’s public transport network that act as structural bridges between major parts 
of the system. Once these bridge edges fail, the size of the largest connected component 
𝑆(𝑐) declines sharply. Overall, the comparison suggests that Astana’s network is com-
parable to London with respect to random failures and, in some scenarios, approaches 
the robustness of Paris, but it remains highly dependent on a limited number of transfer 
nodes and bridging links; targeted disruptions of these elements induce rapid fragmen-
tation and constitute the principal vulnerability of the system.

Conclusion.
This study provided a comprehensive quantitative assessment of the structural 

robustness of Astana’s bus transport network within the framework of complex network 
theory. By analyzing the effects of both random and targeted failures on nodes and 
edges, we identified critical structural dependencies that determine the system’s overall 
resilience. The results demonstrate that while the network exhibits high tolerance to ran-
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dom disruptions, comparable to that of major European networks such as London and 
Paris, it is highly vulnerable to targeted removals of high-betweenness nodes and bridge 
edges. These elements function as essential connectors between the left and right banks 
of the city and between major radial–arterial corridors. Their failure rapidly fragments 
the network, eliminating the “giant component” and severely reducing accessibility 
across districts (Sun et al., 2025).

The findings underscore the dual nature of Astana’s public transport topology: 
robust against random losses yet sensitive to localized structural failures at key transfer 
points and inter-hub corridors. This pattern reflects the city’s monocentric spatial orga-
nization and limited cross-river connectivity, which amplify the functional importance 
of a few high-load transfer hubs. From a planning perspective, the results emphasize the 
need to reinforce redundancy along bridge crossings, diversify alternative routes con-
necting peripheral zones and reconfigure transfer circuits to reduce overdependence on 
single high-betweenness nodes (Han et al., 2023).

Beyond its local relevance, this work contributes to the broader understanding 
of resilience in emerging urban transport systems under extreme climatic and spatial 
constraints (Gupta et al., 2024). The methodology combining L-space modeling, per-
colation-based robustness analysis and targeted failure simulation can be extended to 
multimodal or temporal networks. Future research could incorporate passenger flow 
data, temporal demand variations and dynamic adaptation mechanisms to further refine 
resilience planning for Astana’s evolving mobility system.
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