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Abstract
This study evaluates the extent to which fully automated street network modelling can reproduce
the analytical outcomes of a hybrid (automated–manual) approach for centrality and accessibility
analysis across four morphologically distinct cities: Nicosia, London, Gothenburg, and Madrid.
Results show that the geometry-preserving segmentation logic of the automated workflow sys-
tematically increases network granularity relative to the continuity-merging rules applied in the
hybrid model, producing higher node densities and shorter street segments, particularly in cities
with irregular, historically layered street patterns. Despite these geometric differences, angular
integration exhibits strong to near-perfect rank correlation between hybrid and automated models
across all cases, with agreement increasing at larger spatial radii. This indicates that global con-
figurational structure is robust in automated simplification. Angular betweenness displays lower,
though still moderate to high, correspondence, especially at smaller radii, reflecting its sensitivity to
over-segmentation and local geometric variation. Spatial autocorrelation analysis reveals that
ranking differences are strongly clustered in footpaths in open green spaces and detailed paths in
residential areas. However, the differences are more locally confined and diminish at larger radii.
Accessibility results further demonstrate scale-dependent divergence: short-range attraction reach
and attraction distance estimates align closely between models, whereas discrepancies increase at
larger thresholds due to the cumulative effects of finer-grained connectivity and additional pe-
destrian paths in automated networks. Overall, the findings indicate that automated street network
models reliably capture large-scale integration and accessibility patterns across diverse urban
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contexts, while local, flow-sensitive measures remain more affected by network granularity and
path representation. These results support the use of automated workflows for scalable and
comparative urban analysis, with targeted manual refinement reserved for contexts requiring high
local precision.
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street network modelling, automated workflows, hybrid modelling

Introduction

Urban spatial models have become essential tools for understanding, planning, and managing cities
across scales and disciplines (Kitchin, 2014; Miller, 2018). By providing systematic and quanti-
tative means to analyse urban complexity, they support the evaluation of spatial structure and the
assessment of impacts arising from changes in physical infrastructure (Batty, 2013; Porta et al.,
2006; Røe et al., 2022). Within this domain, street network modelling is fundamental, as it captures
urban morphology and spatial organisation, and underpins analyses of movement, accessibility, and
spatial interaction. The growing availability of open street network data, such as OpenStreetMap
and Overture Maps, together with advances in open-source analytical workflows, has significantly
expanded opportunities for large-scale urban analysis and enabled the extension of syntactic ap-
proaches to metropolitan and regional contexts (Haklay, 2010).

Despite these advances, street network datasets must be transformed into analytical represen-
tations that selectively preserve properties relevant to a given theoretical framework. In space syntax
research, this involves constructing segment-based models that retain angular continuity and
configurational structure while abstracting away transport-operational detail and cartographic re-
dundancy. The issue is therefore not simplification in a general sense, but the construction of theory-
specific models suitable for syntactic analysis (Hillier, 2016; Hillier and Hanson, 1984; Lee, 1973;
Lee, 1994). Traditionally, this process has relied on manual refinement to ensure consistency with
the theoretical assumptions of syntactic analysis, with simplification choices directly influencing
topological, metric, and angular properties of the resulting network. Although a range of automated
tools has been developed to address this task, their outputs frequently diverge frommanually refined
models, which continue to be treated as the analytical reference in practice. At the same time,
manual approaches are time-consuming, labour-intensive, and difficult to reproduce, limiting
transparency and scalability, while fully automated methods, despite their efficiency and repro-
ducibility, necessitate additional validation to meet analytical requirements.

This tension raises a key unresolved question: to what extent can open, automated procedures for
constructing segment-based space syntax models be relied upon to produce syntactically robust
representations and how sensitive are their outcomes to differences in scale and urban context? To
address this question, the present study compares a hybrid street network model, combining au-
tomated processing with targeted manual refinement, with a fully automated network generated
using an open-source package. The comparison is undertaken through syntactic analysis using
centrality and accessibility measures, representing angular-based and shortest-path interpretations
of spatial structure, respectively. The analysis is applied to four cities selected to capture diverse
morphological typologies and junction configurations, enabling a systematic assessment of when
and how automated simplification diverges from manually edited models and the implications of
these differences for urban analytical outcomes. This provides practical guidance on the selective
use of manual editing and cleaning. Specifically, it enables researchers and practitioners to de-
termine where, spatially, and at which analytical scales manual intervention can be reduced or
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omitted without compromising syntactic validity. In addition, the findings contribute to more
efficient, transparent, and scalable workflows for street network simplification, supporting the
broader application of syntactic analysis at large-scale and across multiple urban contexts. The
validity of each model must therefore be understood relative to the analytical framework of angular
and metric syntactic analysis, rather than as a general representation of urban street structure.

Related work

In studies of urban form, urban morphology, and space syntax, streets are commonly conceptualised
as primary spaces of movement and social interaction rather than merely as transportation in-
frastructure (Hillier and Hanson, 1984; Koohsari et al., 2019; Maretto et al., 2023; Stavroulaki,
2022, Xing and Guo, 2022; Yamu et al., 2021). Early syntactic approaches relied onmanually drawn
axial maps, representing the most simplified abstraction of urban space. Over time, this practice has
shifted towards segment-based representations derived from street centrelines and transportation
modelling datasets, reflecting both conceptual and technological developments in spatial analysis
(Omer et al., 2017; Turner, 2007). While centreline-based models retain the spatial presence of
streets and roads, they also encode substantial geometric and topological detail associated with real-
world transport systems. Although this richness has facilitated the wider adoption of quantitative
network-based analyses, it has simultaneously increased the need for simplification to reduce
unnecessary geometric complexity and computational burden, while preserving the analytical logic
of space-based representations. Consequently, a growing body of work has focused on developing
automated methods to transform detailed centreline networks into simplified spatial representations
suitable for syntactic analysis (Marshall et al., 2018).

A range of simplification techniques has been proposed to address this challenge, including the
Douglas–Peucker algorithm, angular-based merging, and structured workflows such as SIMP.
These approaches aim to reduce segment fragmentation and improve consistency with axial logic,
offering scalable alternatives to manual mapping (Kolovou et al., 2017; Krenz, 2017; Stavroulaki
et al., 2017). Such simplification is a prerequisite for Angular Segment Analysis (ASA), which
captures directional changes at junctions and enables flexible parametric exploration through
adjustable angular thresholds (Omer et al., 2017; Turner, 2007). As argued by Peponis et al. (2008),
fewer direction changes correlate with easier navigation, stronger mental representation, and higher
pedestrian flow. Nevertheless, raw road centreline data frequently exhibit fine-grained represen-
tation caused by excessive vertices and minor angular deviations, which can distort network
structure and analytical results (Dhanani et al., 2012). Although tools such as the Space Syntax
Toolkit provide functionality for preprocessing OpenStreetMap-derived networks, they often re-
quire substantial manual correction, thereby constraining scalability and reproducibility.

In parallel, a range of automated methods, implemented as coding libraries, GIS plugins, and
end-to-end workflows, have been developed to process street networks sourced from open datasets
such as OpenStreetMap. These approaches vary in the depth and scope of their preprocessing but
commonly address geometric simplification, intersection consolidation, removal of duplicate or
parallel edges, treatment of dangling or disconnected segments, and support for automation and
reproducibility (Boeing, 2017; Fleischmann, 2019; Sevtsuk & Alhassan, 2025; Simons, 2023; Yap
et al., 2023). Empirical studies have shown that uncorrected OSM-derived graphs, characterised by
dead ends, redundant vertices, and false intersections, tend to inflate node counts and bias measures
of centrality and connectivity (Venerandi et al., 2025; Zhao et al., 2025). By contrast, carefully
designed simplification and consolidation strategies can produce more parsimonious networks
while largely preserving the underlying distribution of centrality measures (Boeing et al., 2022;
Pung et al., 2022). Collectively, this literature highlights that analytical outcomes, such as node
degree, shortest-path centrality, accessibility, and gravity-based measures, are highly sensitive to

Abdeldayem et al. 3



preprocessing decisions, underscoring the need for transparent, well-documented, and theoretically
informed network cleaning practices in urban spatial analysis.

Methods

Data

The study adopts a multiple–case study design comprising four cities (Nicosia, London, Goth-
enburg, and Madrid) selected to represent complex urban environments characterised by diverse
morphological conditions. These cases encompass a range of historical cores, street typologies,
waterfront conditions, and, in the case of Nicosia, a distinct geopolitical context (Ricchiardi et al.,
2024). Together, they provide a robust basis for examining methodological performance across
varied urban forms and spatial configurations.

For each case, the spatial extent of analysis was defined using the corresponding Urban
Morphological Zone (UMZ). To mitigate boundary and edge effects in network-based analysis, the
UMZ was expanded by a buffer of at least 20 km, following established practice in urban spatial
analysis (Gil, 2017). This ensured that network metrics were not artificially distorted by truncated
connectivity at the study boundaries.

Three primary datasets were assembled for each case study. First, street network models were
constructed to represent non-motorised movement systems, with highways and limited-access roads
excluded to maintain consistency with pedestrian-oriented syntactic analysis. For each city, official
street network datasets were used as the structural base where available, as they provide au-
thoritative coverage of primary streets and main paths. However, because this study focuses on non-
motorised movement, these datasets incompletely represent fine-grained pedestrian-accessible
links, such as secondary connectors and internal park routes. OpenStreetMap (OSM) was there-
fore used to supplement missing pedestrian paths in the hybrid workflow. Since OSM already
contains the primary streets included in the official datasets, it effectively functions as a more
comprehensive superset of the pedestrian network. The automated workflow relies solely on OSM,
meaning that both approaches share the same primary network backbone; observed differences
therefore stem primarily from procedural modelling logic and the treatment of fine-grained pe-
destrian links rather than from discrepancies in major street representation. Second, building
footprint data were obtained from official and authoritative sources for each city whenever possible.
Third, a dataset of points of interest (POIs) was compiled within QGIS through the georeferencing,
harmonisation, and curation of datasets sourced from official records. Full details of data sources,
preprocessing steps, and analytical workflows are provided in the supplementary materials.

Hybrid workflow

The street network modelling workflow was designed to produce syntactically suitable repre-
sentations of urban space and consisted of three main stages. First, road centreline data were
acquired from the most authoritative source available for each case study. Where high-quality
official datasets were accessible, these were prioritised; otherwise, open volunteered geographic
information, primarily OpenStreetMap (OSM), was used as a fallback source to ensure com-
pleteness and consistency across cases. Second, the raw centreline data underwent automated
cleaning and preprocessing to generate a baseline network suitable for space syntax analysis. This
stage involved the application of established tools within the QGIS environment, including the
Space Syntax Toolkit and the Place Syntax Tool, which support geometry simplification, inter-
section consolidation, and network structuring in line with syntactic modelling requirements. Third,
the automatically processed networks were subjected to manual review and targeted editing to
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produce a refined hybrid model. The manual refinement stage followed explicit rules derived from
segment-based space syntax principles to produce a continuity-preserving representation for an-
gular and metric analysis, rather than a cartographic reproduction. (1) Parallel carriageways were
collapsed into single centrelines where they functioned as unified movement corridors and did not
imply independent route choice. (2) Consecutive polylines were merged when angular deviation
was minor and split when directional change was likely to influence route selection. (3) Complex
junctions, including roundabouts, were simplified to single nodes where internal geometry did not
represent distinct decision points, and redundant vertices were removed to avoid artificial frag-
mentation. (4) Pedestrian links were retained when they contributed to through-movement or
network permeability, while purely private or non-configurational paths were excluded. (5) Publicly
accessible cul-de-sacs were preserved, but spurious dangling segments were removed (Stavroulaki
et al., 2020). The aim is to prioritise configurational clarity, angular continuity, and movement
relevance over geometric detail, resulting in a rule-governed abstraction consistent with segment-
based space syntax modelling. A detailed description of the full workflow, including decision rules
and editing procedures, is provided in supplementary materials.

Automated workflow

For the automated workflow, this study prioritised the use of open-source data and methods. Given
the diversity of existing packages for street network simplification, each developed for distinct
analytical objectives, a set of candidate tools was first identified to select an approach capable of
producing network representations that most closely approximate the hybrid model. At a conceptual
level, several open-source frameworks were reviewed, including OSMnx, Parenx, Madina,
Cityseer, Neatnet, and Urbanity, with particular attention to their support for segment-level angular
analysis and explicit dual-graph construction. Evidence from previous comparative studies indicates
that more recent frameworks tend to outperform earlier tools in terms of stability and methodo-
logical consistency in network preprocessing (Martin Fleischmann, 2026).

Within the scope of this study, three widely used and representative open-source packages were
tested: OSMnx, Cityseer, and Neatnet. These tools were selected to reflect complementary
strengths, with OSMnx representing a foundational and widely adopted framework for street
network extraction and topological simplification, Cityseer demonstrating robust performance
across multiple evaluation criteria in prior studies, and Neatnet offering a recent geometry-driven
approach to network simplification. For each package, the automated workflow was executed using
default parameter settings to ensure a reproducible, non-interventionist procedure. Carriageway
consolidation, intersection simplification, vertex reduction, segment definition, and pedestrian
inclusion were governed solely by predefined geometric and topological rules, without manual
adjustment. Segment boundaries followed the original centreline geometry and embedded con-
solidation tolerances rather than interpretive continuity judgments, providing a parameter-driven,
geometry-preserving counterpart to the continuity-based logic of the hybrid model. Then they were
visually inspected to assess their correspondence with the hybrid model in terms of geometric
fidelity, network continuity, and suitability for syntactic analysis (see Figure 1).

Based on this comparative assessment, Cityseer was selected as the primary framework for the
automated preprocessing of street networks, intended for both angular (simplest path) and metric
centrality analyses. It provides a methodologically consistent pipeline explicitly designed to support
both primal and dual network representations. It enables the transformation of street segments into
node-based dual graphs while preserving geometric fidelity and angular relationships, which are
fundamental to syntactic analyses. This dual capability allows a single cleaned network to be used
consistently for both angular and metric measures, thereby reducing ambiguity and methodological
divergence across analytical steps.
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The remaining tools were found to be less suitable for the specific requirements of this study.
Neatnet performs effectively in collapsing transport-oriented artefacts, such as dual carriageways,
and in resolving fine-scale geometric irregularities between building frontages, resulting in visually
legible centreline networks. However, its geometry-driven simplification is less reliable in open,
green, or peri-urban contexts, where generated segments may deviate spatially from their original
locations, complicating direct comparison with hybrid or geometry-sensitive syntactic models.
OSMnx, while highly effective for acquiring and topologically simplifying OpenStreetMap data
and exporting GIS-ready networks, remains limited to primal graph representations and does not
support angular or dual-graph centrality analysis. Full detailed code used to generate the network
using the three packages is available in the supplementary materials.

Comparing the procedural logics

The comparison undertaken in this study evaluates the analytical consequences of two distinct
procedural logics of street network model construction. The hybrid workflow follows an inter-
pretive, continuity-preserving logic, in which segmentation, merging, and junction treatment are
guided by configurational coherence and movement relevance. By contrast, the automated
workflow applies a parameter-driven, geometry-preserving logic, where segmentation and node
consolidation are governed by algorithmic thresholds and topological rules. The comparative
framework (Table 1) summarises how these differing modelling principles structure network
representation before analysis, thereby clarifying that observed analytical differences arise from
procedural divergence rather than from data inconsistency. Notably, the automated procedure does

Figure 1. Comparison between automated packages for their proxy to the hybrid model.
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not attempt to reproduce interpretive continuity-based decisions; rather, it follows geometry- and
topology-driven thresholds that may coincide with, but are not designed to emulate, manual
syntactic judgement.

Spatial analysis

While different tools can generate/analyse street network models, the centrality and reach analysis
was conducted using the Place Syntax Tool within QGIS. This tool integrates all necessary analyses
in a single environment and functions as an independent platform to evaluate the two street models.
For centrality measurements, we employed angular integration and angular betweenness using
multiple radii: 400, 1200, and 2000 m.

For accessibility measurements, we employed two attraction-based methods: Attraction Distance
ðADÞ and Attraction Reach ðARÞ. AD calculates the minimum distance from each origin point
(buildings) to the nearest destination (POIs), providing a basic accessibility metric. AR extends this
concept by summing the attraction values of all reachable destinations within a given radius,
offering a cumulative measure of accessibility. We examined multiple thresholds (400, 1200,
2000 m) using only the non-motorised network model. This multi-radius approach allowed for a
comprehensive evaluation of pedestrian accessibility patterns at different spatial scales.

Evaluation method

To enable a direct comparison of centrality measures between the hybrid and automated network
models, a spatial matching procedure was applied following the computation of centrality metrics
for each model. For each street segment in the hybrid model, the centroid of the segment geometry
was calculated and matched to the nearest centroid of a segment in the automated model. Nearest-
neighbour matching was constrained by a maximum search distance of 30 m. This threshold was
determined through iterative testing and reflects the expected positional variation between centreline
representations in non-motorised street networks derived from the same underlying road data. In
practice, centreline offsets between models rarely exceeded this distance, even in cases of wide
streets represented by parallel carriageways or bidirectional segments. The use of a fixed distance
threshold therefore ensured consistent pairing while minimising erroneous matches. Hybrid seg-
ments for which no corresponding automated centroid was identified within 30 m were excluded
from subsequent analyses to avoid spurious comparisons. To statistically compare the models’
spatial rankings, we conducted a Spearman correlation test on the centroid centrality rankings,
independent of absolute values, to account for differences in the number of street segments between
models, which can affect the absolute centrality values. That enables a normalised and scale-
independent comparison of spatial importance.

To systematically investigate the causes behind the variations in centrality results, we employed
Moran’s Index to examine whether the observed differences exhibited spatial clustering, which

Table 1. A comparison between modelling rules, the hybrid, and automated approaches.

Modelling dimension Hybrid Automated

Carriageway treatment Collapsed to a single line Collapsed if within tolerance
Angular merging Threshold θ° Geometry-preserving segmentation
Junction modelling Cognitive simplification Topological consolidation
Pedestrian inclusion Interpretive selection Tag-based inclusion
Dead ends Removed if non-permeable Retained if topologically valid
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could indicate localised factors disproportionately influencing the results. The accessibility mea-
surements produced absolute values, including distances and destination counts, enabling direct
comparison between models. We performed a Bland-Altman analysis, which quantifies the mean
difference between models while accounting for measurement variability. Table 2 summarises the
equations used and comparison methods for each measurement.

Results

The following results are interpreted as analytical consequences of two distinct modelling logics,
continuity-preserving abstraction and parameter-driven geometry preservation, rather than as
differences between more or less accurate representations.

Geometric characteristics

The geometric differences observed between models reflect the contrasting segmentation logics
embedded in the two workflows: continuity-based merging in the hybrid model and geometry-
preserving segmentation in the automated model. Figure 2 (left) presents the distribution of street
segment lengths for hybrid and automated models using boxplots, illustrating the structural dif-
ferences between the two approaches. Across all cities, hybrid models consistently produce longer
median street segments and wider interquartile ranges, indicating greater continuity and reduced
fragmentation. This contrast is especially pronounced in Nicosia and Madrid, where the continuity-
merging rule in the hybrid workflow preserves extended street alignments by suppressing minor
angular deviations that the automated logic retains as separate segments. In London, although both
models display broad distributions, the hybrid model still maintains higher median values and
greater variance, suggesting improved alignment with axial or continuity-based representations. In
Gothenburg, differences between the two approaches are less marked, with comparable medians and
overlapping distributions, reflecting the city’s relatively regular street morphology.

Figure 2 (right) compares node density (nodes/km) where clear and systematic differences are
observed between the two modelling approaches. In Nicosia, London, and Madrid, the automated

Table 2. Equations used and comparison methods for each measurement (symbol’s explanation in the
supplementary materials).

Measurements Equations Comparison method

Centrality measurements
Angular integration AIHðxÞ ¼ N2

1þ
P

i ≠ x
Dðx, iÞ

Spearman’s rank

Angular betweenness BðxÞ ¼ P
s ≠ x ≠ t

σstðxÞ
σst

Spearman’s rank

Centrality’s spatial discrepancies
I ¼ N

W �
PN

i¼1

PN

j¼1
wijðxi�xÞðxj�xÞPN

i¼1
ðxi�xÞ2

Moran’s I

Accessibility measurements
Attraction distance ADðoÞ ¼ min

a2A
Dðo, aÞ Bland-Altman analysis

Attraction reach ARðoÞ ¼ P
a2Af ðaÞwðDðo, aÞÞ Bland-Altman analysis

Metric measurements
Segments length

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 � x1Þ2 þ ðy2 � y1Þ2

q
Box plot

Density of nodes/Km Di ¼ NiPn

j¼1
Lij

Bar plot
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models exhibit substantially higher node densities than their hybrid counterparts. That indicates a
higher level of fragmentation in the automated networks, driven by the retention of minor geometric
vertices and fine-scale segmentation. Gothenburg constitutes a partial exception: while node density
remains higher in the hybrid model (36.9 nodes/km) compared to the automated model (30.4 nodes/
km), the gap is smaller relative to the other cases, reflecting the city’s more regular and homo-
geneous street structure. Overall, the magnitude of these differences varies by urban context, being
strongest in cities with more complex historical cores and irregular street patterns (see Figure 3).

Centrality measurements

These differences in centrality correspondence can be interpreted as analytical consequences of the
underlying segmentation rules governing each model. The spearman ranking correlations show that
the integration in angular analysis is high and strong across contexts, and the bigger the scale the
stronger the correlations. While angular betweenness is relatively lower in correlation values than
integration, it is still high and also increases slightly at larger scales. For angular betweenness,
correlations are moderate, ranging from 0.51 to 0.82 across cities and radii. The weakest agreement

Figure 2. Comparison between the geometrical characteristics, (left) average length per model, and (right)
node density per km.

Figure 3. Difference in representation between the two models across cases.
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occurs at the smallest radius (ABw400), particularly in London and Madrid (ρ = 0.51, 0.55), where
automated fine-grained representations most pronounced. Correlations improve modestly with
increasing radius, reaching their highest values at ABw1200–ABw2k, with Nicosia showing the
strongest correspondence (ρ ≈ 0.80–0.82). Across all radii, London consistently exhibits the lowest
AB correlations, indicating heightened sensitivity of betweenness-based measures to segmentation
and local geometric variation in complex street networks. In contrast, angular integration shows
strong to very strong correspondence even at the smallest radius (AIw400H) (ρ = 0.62–0.87). For
AIw1200H and above, correlations exceed 0.78 in all cases and approach near-perfect agreement in
Nicosia and Gothenburg. Notably, even in London angular integration remains highly correlated
(see Figure 4).

These results demonstrate a clear link between network representation and syntactic outcomes.
Geometry-preserving segmentation in the automated workflow increases node density compared
with the continuity-merging logic used in the hybrid model, particularly in morphologically
complex cities, leading to greater divergence from the hybrid model in local, flow-sensitive
measures such as angular betweenness. By contrast, angular integration, especially at larger ra-
dii, appears substantially more robust to differences in network granularity, reflecting the relative
stability of global angular structure across modelling approaches. This indicates that while au-
tomated workflows can reliably capture large-scale spatial integration patterns, caution is required
when interpreting local betweenness and movement-related metrics derived from highly segmented
automated networks.

Spatial autocorrelation

To better understand ranking differences, especially at smaller scales like 400 m, we used Global
Moran’s Index to evaluate spatial autocorrelation in the differences between the two models’
rankings (Dubé & Legros, 2014). Near-zero p-values across all variables and scales indicate
statistically significant spatial clustering in the differences of Angular Integration (AI) and Angular
Betweenness (AB) rankings. High Moran’s I values for AI (0.74–0.89) show that divergence in
integration rankings is spatially structured and not random, with clustering evident from local
(400 m) to broader scales (5000 m) (see Figure 5).

In contrast, angular betweenness exhibits only moderate spatial autocorrelation at smaller radii
(400–1200 m), with Moran’s I values declining substantially at larger scales. This indicates that
differences in betweenness rankings are more locally confined and less spatially persistent than
those observed for integration. The reduced clustering at larger scales suggests that betweenness

Figure 4. Spearman correlation values between centrality measurement (right), and correlation plot per case
showing the distribution across betweenness and integration (right).
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discrepancies are driven by fine-scale geometric and topological variations rather than by broader
structural differences in the network.

The spatial clustering of ranking discrepancies corresponds to areas where the two procedural
logics diverge most clearly, particularly in the treatment of fine-grained pedestrian connectors and
residential dead ends. Figure 6 shows the 400 m radius, where the highest concentration of divergent
locations is observed. Across all case-study contexts, two recurring spatial patterns emerge. First,
pronounced discrepancies occur within large urban parks and green spaces, where variations in the

Figure 5. Mapping disparities across models at 400 m and 5 k scale, showing the regularity from local to outer
city sides.

Figure 6. Close-up of the areas with the largest differences in ranking (top for integration, below for
betweenness).

Abdeldayem et al. 11



representation of pedestrian paths between the two models lead to differences in local connectivity.
Second, clusters of divergence are evident within residential areas, where the treatment of certain
streets as connected in one model and as dead ends in the other produces contrasting local rankings.
These findings highlight that ranking differences are not uniformly distributed across the network
but are concentrated in specific spatial settings associated with fine-grained pedestrian connectivity
and residential street structure.

Accessibility measurements

Figure 7 extends the comparison between hybrid and automated models by reporting agreement
differences derived from Bland-Altman analyses for Attraction Reach (left) and Attraction Distance
(right), disaggregated by destination type and spatial scale (400 m, 1200 m, and 2000 m). Values
represent mean differences between the twomodels, with positive values indicating higher estimates
in the automated model relative to the hybrid representation. For Attraction Reach, the results reveal
a clear scale-dependent pattern. Agreement between models is high at the smallest radius (400 m),
where mean differences are close to zero across most destination types and cities, indicating near-
equivalent reach estimates. As the radius increases, discrepancies grow systematically, particularly
at 2000m. These findings indicate that while both models capture local accessibility in a comparable
manner, the geometry-preserving inclusion rules embedded in the automated workflow expand
cumulative reach at larger radii relative to the continuity-filtered hybrid model, reflecting the
increasing effect of finer-grained connectivity and supplementary paths present in the automated
representation.

A comparable scale effect is observed for Attraction Distance. At 400 m, mean distance dif-
ferences remain relatively small across all destination types, suggesting strong agreement in short-
range travel distance estimation. However, divergence increases markedly at 1200 m and becomes
substantial at 2000 m, with differences exceeding 20 distance units for several destination cate-
gories. In some cases, the automated model produces shorter effective distances, while in others it
enables access to destinations that fall beyond the hybrid model’s reach, resulting in larger overall
discrepancies. The widening spread of agreement at larger scales further indicates increased
variability in how the two models represent longer-distance connectivity.

Figure 7. Matrices (left) and plots (right) for attraction reach and distance differences.
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Discussion

The observed differences in geometry between the hybrid and automated models are strongly
conditioned by street typology and urban morphology. Cities characterised by more regular, non-
organic layouts (such as Gothenburg) exhibit a higher degree of geometric alignment between the
two modelling approaches. In such contexts, the automated workflow encounters fewer conflicts in
simplifying geometry, as streets tend to follow straighter alignments and junctions are more or-
thogonal and standardised. Although a city that has a complex transport network in functional terms,
its structural regularity allows automated preprocessing to preserve continuity with relatively
limited over-segmentation. As a result, discrepancies between the hybrid and automated models are
smaller than in cities with more irregular spatial structures.

By contrast, cities with historically layered urban cores and heterogeneous street typologies
(such as Nicosia, London, and Madrid) show substantially greater divergence between models. In
these cases, nonlinear street geometries, irregular junction configurations, and frequent angular
shifts lead automated workflows to introduce higher levels of segmentation, producing denser node
counts and shorter street segments. These findings indicate that morphological complexity amplifies
the segmentation divergence resulting from geometry-preserving rule application associated with
automated simplification. Importantly, however, this pattern holds independently of the overall size
or density of the network and is instead closely tied to local street form and junction geometry.

Across all cases, an additional source of divergence arises from the inclusion or exclusion of
pedestrian paths that are not part of the primary street network. The presence of such paths depends
both on the underlying data source and, in the case of the hybrid model, on modelling decisions
made during manual refinement. These paths typically occupy a secondary or tertiary position in the
urban network, often representing informal or semi-formal pedestrian connections between
buildings or within open and green spaces. While they do not alter the primary structural backbone
of the city, their inclusion can introduce local differences in connectivity that affect certain analytical
outcomes.

Despite these structural differences, the results demonstrate that the main spatial structure of each
city is generally well captured by the automated model. For angular integration, in particular,
geometry-preserving segmentation appears to have limited impact on analytical outcomes. The high
correlations observed between hybrid and automated models indicate that, in most cases, automated
preprocessing yields results that are nearly equivalent to those obtained through manual refinement.
From a practical perspective, the analytical differences attributable to continuity-based rule in-
tervention (manual) are often disproportionate to the time and labour required, especially when
integration values converge at rates approaching near-identical outcomes.

Angular betweenness, by contrast, is more sensitive to both sources of divergence. The presence
or absence of specific pedestrian paths plays a secondary role, primarily affecting locations at the
periphery of the network where a street may be connected in one model but treated as a dead end in
the other. The dominant factor, however, remains geometry-preserving segmentation. Because
betweenness is highly sensitive to small angular changes and segmentation, the increased frag-
mentation in automated models alters shortest-path routing and flow distribution more noticeably
than integration measures. Nevertheless, even in these cases, the discrepancies observed remain
within an acceptable range, suggesting that automated models still provide a reliable approximation
for comparative and large-scale analyses.

For accessibility measures based on metric distance, the effects of geometry-preserving seg-
mentation largely diminish, as these analyses depend primarily on distance rather than angular
continuity. Here, the principal source of difference between models lies in the presence or absence of
proximate pedestrian paths. In automated models, the availability of fine-grained segments can shift
the starting point of accessibility calculations to a nearer location, resulting in shorter measured
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distances to destinations. Conversely, in the hybrid model, the absence of such links may increase
estimated distances or exclude destinations that fall just beyond a threshold. These mechanisms can
lead to systematic underestimation or overestimation of accessibility, often favouring the automated
model in densely built or internally connected areas (see Figure 8).

These effects are also scale-dependent. At smaller radii, only a limited number of additional paths
influence accessibility outcomes, resulting in modest differences between models. As the analysis
radius increases, however, a growing number of fine-scale links fall within reach, amplifying their
cumulative impact and increasing divergence between hybrid and automated results. Consequently,
the inclusion or omission of detailed pedestrian paths plays a significant role in shaping both local
accessibility estimates and overall variance in reach-based measures. This highlights the importance
of carefully considering network granularity and data completeness when interpreting accessibility
results, particularly at larger spatial scales.

In analyses of global configurational structure (e.g., angular integration or large-scale acces-
sibility), automated workflows closely approximate manually refined models, rendering additional
manual editing of limited benefit. In contrast, local flow-sensitive measures, particularly angular
betweenness, are more sensitive to segmentation and pedestrian path representation; targeted hybrid
refinement may therefore improve reliability in such cases. Differences are most pronounced at
smaller radii (e.g. 400 m), supporting hybrid modelling for neighbourhood-scale or site-specific
studies. At larger radii (≥1200 m), divergence diminishes, and automated preprocessing is generally
sufficient for metropolitan or comparative analyses. Morphological context also matters in regular,
grid-based cities; automated segmentation aligns closely with hybrid models, whereas in complex or
historically layered environments, selective manual intervention may be warranted for locally
sensitive metrics. The two approaches should be understood conditionally rather than hierarchi-
cally: automated workflows are appropriate for scalable and comparative research, while hybrid
review/refinement remains valuable where fine-grained local precision is required.

Figure 8. Cases where the automated model (blue lines) over- and underestimates values (the hybrid are
black lines) in Nicosia.
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Limitations

While this study provides a systematic comparison between hybrid and fully automated street
network models, several limitations should be acknowledged. First, the analyses are limited to
angular centrality measurements, and selected metric accessibility measures; since alternative
syntactic, flow-based, or behavioural metrics may respond differently to variations in network
preprocessing and could yield additional insights. Second, the results are inherently dependent on
the quality, completeness, and consistency of the underlying street and pedestrian datasets. Dif-
ferences in data sources, particularly regarding the representation of fine-grained pedestrian paths,
may introduce biases that are independent of the modelling approach itself. Third, the study focuses
on segment-based network representations and does not evaluate alternative abstractions, such as
axial or hybrid representations, which may interact differently with automated simplification
workflows. Finally, although the selected case studies capture a range of urban morphologies, the
limited number of cities restricts the generalisability of findings to other contexts, including in-
formal, rapidly evolving, or non-European urban environments. Future research could address these
limitations by extending the range of analytical measures, testing additional urban contexts, in-
corporating sensitivity analyses of preprocessing parameters, and validating results against em-
pirical mobility data.

Conclusion

Overall, the findings demonstrate that fully automated street network models provide a robust and
generally reliable basis for syntactic analysis across a range of urban contexts. The strongest
alignment between automated and manually refined models is observed in cities characterised by
grid-based or predominantly linear street patterns, where geometric regularity limits over-
segmentation and ensures close correspondence in network structure. In more organic and his-
torically evolved urban fabrics, automated models still exhibit strong positive agreement with
hybrid representations, particularly for angular integration at larger spatial scales, indicating that
global configurational properties are captured effectively despite local geometric discrepancies.
While angular betweenness consistently shows lower correspondence than integration, this re-
duction must be interpreted in light of the substantial time and labour required for manual re-
finement: at local scales, the analytical gains achieved through manual editing are relatively modest
compared to the effort involved. Nevertheless, the results also indicate that caution is warranted
when applying automated workflows to fine-grained, local-scale analyses, where geometric sim-
plification and the inclusion or omission of pedestrian paths can have a disproportionate influence
on flow-based measures. Taken together, these conclusions support the use of automated pre-
processing as a valid and efficient alternative to manual network refinement for large-scale and
comparative studies, while highlighting the continued value of targeted manual review in highly
complex or locally sensitive urban environments.

Data statement

All datasets used in this study were derived from open-source sources, as detailed in the Sup-
plementary Materials. The street network, building footprints, and points of interest employed in the
automated workflows are fully open and publicly accessible. The hybrid (manually edited) street
network models for London and Madrid constitute the only exceptions; these were developed
through manual refinement for research purposes and are not fully open due to reuse constraints.
These datasets can be made available upon reasonable request for non-commercial academic use.
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