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Abstract

Walking is the most sustainable and socially inclusive urban travel mode, yet in many
rapidly transitioning cities, obstructed and inaccessible sidewalks undermine it, and walka-
bility assessment tools rarely tell municipalities where to act first. This study develops a
transparent, low-data protocol that converts a micro-scale sidewalk audit into an ordered
set of candidate intervention priorities, using 52 street-unit sides nested within 26 street
units in central Blida, Algeria. Twenty audit variables were aggregated into eight obsta-
cle families and normalised to occurrences per 100 m using digitised street-unit lengths
(170-1255 m). A two-profile k-means partition, retained as an operational triage device and
stable under street-unit bootstrap resampling, separates lower- and higher-obstruction
sides. A random forest with SHAP attribution, validated with folds grouped by street unit,
provides an internal ranking of the families that separate the profiles: normative accessibil-
ity (27.3%), bulky waste (22.6%), and structural defects (15.9%) lead, with threshold-like
effects, and the ordering closely matches simple between-profile contrasts (Spearman p
= 0.98). Normative accessibility leads under all robustness checks, whereas the order
of the second-tier families depends on the number of profiles. Physical works and use
regulation carry similar shares of attribution (49.4% and 45.4%); excluding accessibility
deficits, which record missing provisions rather than occupied space, shifts the lead clearly
to use regulation (62.5%). A minimal agent-based model illustrates how local detours can
produce a nonlinear loss of pedestrian performance. The result is a reproducible, low-cost
workflow that helps resource-constrained municipalities direct limited budgets towards
safe, accessible, and inclusive sidewalks, in line with Sustainable Development Goal 11
(targets 11.2 and 11.7).

Keywords: sustainable urban mobility; inclusive public space; pedestrian accessibility;
sidewalk obstruction; intervention prioritisation; micro-scale street audit; decision support;
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1. Introduction

Building pedestrian environments that exclude no one has moved from a peripheral
design concern to a recognised condition of urban sustainability and spatial justice [1-4].
Although walking is the most universally available travel mode, its practicability depends
as much on the micro-scale condition of the sidewalk and on how that sidewalk is managed
as on network-level connectivity [5-9]. Two complementary readings of walkability coexist
in the literature: one treats it as a measurable property of the built environment, recoverable
through systematic audit; the other treats it as an embodied perception that exceeds the
physical attributes of space [10-12]. The surfaces on which walking depends are nonetheless
seldom audited with the precision applied to carriageways.

Across many rapidly transitioning cities, planning practice has long been organised
around the movement of motor vehicles [13,14]. Sidewalks inherit whatever space remains,
and that residue is typically discontinuous and encumbered—by structural deficiencies, by
poorly managed infrastructure, and by the informal appropriation of public space [15-20].

Blida illustrates the problem acutely: micro-scale auditing reveals sidewalks obstructed
to a degree that is simultaneously structural and functional. Two dynamics compound one
another—weak coordination between road maintenance and public-works services, and
the steady conversion of public space to informal uses such as street trading, unregulated
parking, and temporary storage [21-23]. What follows is unequal access, felt first by groups
whose mobility is already constrained: young children, older residents, and people with
disabilities [24-27]. The study takes its theoretical bearings from Southern urban theory,
which holds that analytical categories should be derived from the urban conditions of the
Global South rather than imported from elsewhere [28-33]. On this view, cities marked by
rapid transition, informality, and the functional saturation of public space are not anomalies
to be corrected against an external norm but legitimate sites of theory-building [34-36].

Comparable conditions have been documented in other cities of similar size and
street-network density. Studies in North African and Middle Eastern city centres describe
car-oriented street design and sidewalks appropriated by vending, parking, and commer-
cial spill-over [37,38], and work in sub-Saharan African cities reports effective sidewalk
widths below the minimum needed for two pedestrians to pass, with obstructions forcing
pedestrians onto the carriageway [39-41]. These studies point to two lessons relevant here:
obstruction rarely has a single cause, and physical improvements need to be paired with
the management of how sidewalk space is used [41]. Drawing on these parallels helps to
avoid repeating known errors and to transfer tested responses more quickly.

1.1. Research Gaps

The assessment toolkit is by now extensive, yet much of it remains descriptive and
static [42—44]. Existing work tends to fall into two broad families: inventories that cata-
logue barriers and macroscopic analyses built on density, functional mix, and composite
indicators of urban form. Recent computer-vision pipelines have substantially improved
automated micro-scale measurement from street imagery, but comparatively few studies
translate such measurements into transparent, low-data procedures for ranking interven-
tion priorities [45-49]. A second gap concerns the connection between observed obstruction
patterns and possible nonlinear changes in pedestrian movement: field audits and be-
havioural simulation are often developed separately rather than used as complementary
diagnostic lenses.

1.2. Research Questions and Objectives

Three questions organise the study. First, among the 20 audited variables, which
ones most strongly distinguish lower- and higher-obstruction profiles within the sampled
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street units? Second, can a minimal local-avoidance simulation illustrate how increasing
obstruction may produce a nonlinear deterioration in pedestrian performance? Third, how
do structural failure, fixed street equipment, accessibility deficits, and informal use jointly
shape the obstruction burden in central Blida, and what combination of physical works,
use regulation, and maintenance is suggested by the observed pattern?

The overarching aim is to develop an exploratory decision-support framework that
converts a micro-scale audit into a transparent prioritisation structure for municipal action.
The 52 street-unit sides are nested within 26 street units, and this dependence is taken
into account in the analysis. Five analytical steps serve this aim: (a) normalising audit
counts by street-unit length and partitioning the street-unit sides into obstruction profiles
by k-means; (b) testing the stability of the profiles by street-unit bootstrap; (c) summarising
the profiles with a decision tree and a random forest validated with folds grouped by street
unit; (d) ordering obstacle families through SHAP attribution cross-checked against simpler
between-profile contrasts; and (e) using a minimal agent-based model to illustrate how
local avoidance can generate nonlinear performance loss. The framework is designed for
case-based prioritisation and hypothesis generation.

The approach inverts the conventional sequence. Rather than scoring walkability first
and diagnosing causes afterwards, it starts from the documented obstacles themselves,
describes obstruction profiles from them, and ranks interventions on that basis.

Objective micro-scale audits are an established means of documenting pedestrian
barriers in developing countries [37]. This study extends that line of work by linking unsu-
pervised stratification, compact supervised summarisation, and explainable attribution in a
single auditable sequence, while checking each elaborate stage against the simpler statistic
it might otherwise displace. The contribution is therefore methodological transparency and
decision-oriented parsimony rather than algorithmic novelty: the analysis shows both how
a low-data audit can be translated into intervention priorities and where more complex
modelling ceases to add independent information. The agent-based corridor model is kept
separate and is used only to illustrate a possible obstruction mechanism.

The study contributes to urban sustainability in three ways. Environmentally, walking
is a zero-emission mode, and keeping sidewalks usable is a precondition for retaining
walking trips that would otherwise shift to motorised modes in congested city centres. So-
cially, the protocol makes accessibility deficits visible and prioritises them, which serves the
users whose mobility is most constrained and responds directly to targets 11.2 (accessible
transport systems for all) and 11.7 (safe, inclusive, and accessible public spaces) of the 2030
Agenda for Sustainable Development [50]. Institutionally and economically, the protocol
requires only a field audit, street-unit lengths and open-source software, so municipalities
with limited budgets and data can rank interventions and direct scarce resources where
they reduce obstruction most.

2. Materials and Methods
2.1. Study Area and Spatial Sampling

This study investigates the commercial and business centre of Blida, Algeria, through
seven structural axes: R1, Rue Cherif Chalabi; R2, Avenue Mustapha Benboulaid; R3, Av-
enue Al Moukhtar Kritli; R4, Rue Mouhamed Ouali; R6, Boulevard de Mouhamed Boudiaf;
R7, Rue Belkacem El Ouazeri; and R8, Avenue Amara Youcef. The axes were selected
purposively on two criteria: their structural role as the main streets of the commercial
and business centre, and the intensity of commercial activity and pedestrian use along
them, which makes interactions between pedestrians and obstacles frequent. Each axis
was divided into street units bounded by successive intersections with other surveyed
or major streets, giving 26 street units with lengths of 170-1255 m (median 344 m; total

https:/ /doi.org/10.3390/su182111253


https://doi.org/10.3390/su182111253

Sustainability 2026, 18, 11253

4 of 30

11.6 km). Unit lengths were digitised as centreline polylines in QGIS (WGS 84/UTM zone
31N, EPSG:32631). The right-hand (D) and left-hand (G) sidewalks of each street unit were
audited separately, so each street unit contributes two observations, called street-unit sides;
the 26 street units therefore yield the 52 street-unit sides analysed. Figure 1 maps the study
area and the seven analysed axes.

(a) (b)

Location of Blida in Algeria :\
45°N

40°N

w
<
4
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z
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20°N

800 km
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=== R1 — Rue Cherif Chalabi
R2 — Avenue Mustapha Benboulaid
R3 — Avenue Al Moukhtar Kritli
== R4 — Rue Mouhamed Ouali

=== R5 - Rue Palestine (not surveyed; location only)
== R6 — Boulevard de Mouhamed Boudiaf
= R7 - Rue Belkacem EI Ouazeri

R8 — Avenue Amara Youcef

Figure 1. Study area. (a) Location of Blida within Algeria; (b) the seven surveyed axes within the
commercial centre of Blida, labelled in the legend with the codes used in the text (R1-R4 and R6-R8).
Rue Palestine (R5), drawn as a dashed dark line, was not audited: it was used only for the observers’
preliminary field reconnaissance and is shown for locational context. Base map: © OpenStreetMap
contributors (ODbL).

The distribution of street-unit sides is: R1, six; R2, four; R3, eight; R4, six; R6, twelve;
R?7, ten; and RS, six. Rue Palestine, coded R5 in the survey instrument, was not retained in
the audit campaign; the axis is shown in Figure 1 for locational context but contributes no
observations. The decision was taken before any analysis and applies to the whole axis, so
it cannot have been influenced by the recorded obstruction levels.

Three features of the sampling design bound the analysis. First, the two sides of a
street unit share contextual characteristics such as carriageway geometry and commercial
frontage; the 52 street-unit sides are therefore nested within 26 street units and are not
fully independent, which is addressed by resampling and validating at the street-unit level.
Second, street units differ in length by a factor of 7.4, so raw counts confound obstruction
intensity with exposure. All counts were therefore converted to occurrences per 100 m of
sidewalk before aggregation, partitioning, and attribution; both sides of a street unit are
assigned the unit’s length. Third, the sample is purposive and concentrated in one central
commercial district, so the results describe this district rather than city-wide prevalence.
These constraints are revisited in Section 4.5.

2.2. Data Collection and Definition of Audit Variables

A micro-scale inventory of twenty variables was compiled through direct observa-
tion. The variables are organised into four thematic categories: (A) infrastructure and
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surface deficits—insufficient width (insuff_wid), damaged pavement (damag_coat), exces-
sive cross-slope (exces_bank), and unsuitable curbs/edges (unsuitable_borders); (B) fixed
street equipment or elements intersecting the sidewalk—Ilight poles (light_poles), road
signs (road_signs), sewer/drainage inlets (mouth_sewer), column bases (column_bases),
and street trees (trees), the last of which is aggregated separately as a maintenance family
(Table 1); (C) accessibility-compliance deficits—absence of tactile paving (tactile_bands)
and access ramps (access_ramps); and (D) temporary, commercial, and management-
related obstructions—market stalls (march_shops), merchandise on the sidewalk (mer-
chandise), advertising panels (advertising_panels), unauthorised parking (anarchic_park),
waste/garbage (waste_garbage), bulky items (bulky_items), loose rubbish (rubbish), debris
(debris), and construction works (work). All variable codes are written in lowercase.

Table 1. Aggregation rules for synthetic variables X1-X8. Each synthetic score is the sum of the
occurrences per 100 m of its constituent audit variables for a street-unit side; the scores are relative
burden indicators rather than calibrated physical units.

Synthetic Variable Calculation/Components
X1 Structural defects insuff_wid + damag_coat + exces_bank + unsuitable_borders
X2 Street furniture light_poles + road_signs + column_bases + mouth_sewer
X3 Normative accessibility tactile_bands + access_ramps (recorded as missing accessibility provisions)
X4 Commercial occupation march_shops + merchandise + advertising_panels
X5 Illegal parking anarchic_park
X6 Bulky waste waste_garbage + bulky_items + debris + rubbish
X7 Natural obstacles Trees
X8 Construction sites Work

The variables are encoded as counts of recorded obstacle or deficit occurrences on the
audited side of each street unit. An occurrence is therefore an audit-score unit and does
not necessarily represent an object of identical physical size or severity across variables;
this distinction is particularly important for width, surface-condition, and accessibility
deficits. The counting unit differs in kind between present and absent features. For a
present obstacle, one occurrence is one discrete object intersecting the clear pedestrian path.
For the two accessibility-deficit variables (tactile_bands, access_ramps), an occurrence is a
location at which the provision is required by Law No. 02-09 but is absent, enumerated
over the extent of the street-unit side. This makes X3 different in kind from the object-count
families: it counts required-but-missing provisions rather than physical objects occupying
the walking surface, and its magnitude therefore grows with the number of compliance
points a street-unit side contains. Section 4.4 reports a sensitivity analysis in which X3 is
removed from the attribution, and Section 4.5 states the consequences for interpretation.
The audit protocol and its quality control are described below; their implications for
reliability are discussed in Section 4.5.

Data collection was carried out during the 2024/2025 academic year by 25 third-year
students of the Institute of Architecture and Urban Planning, University Saad Dahlab
Blida 1, working in seven teams of three to four students under the supervision of the first
author. Observers were prepared in four steps. First, the first author gave two introductory
sessions on walkability, urban inclusion and sidewalk conditions, with attention to the
obstacles produced locally by user behaviour and by poor coordination between public
services (roads and utility networks, infrastructure, and urban management). Second, the
teams were formed and carried out a preliminary field reconnaissance on Rue Palestine
(R5), which was not part of the audit sample. Third, a harmonisation and calibration
workshop led by the first author unified the definitions of the audit criteria, so that all
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teams interpreted the standardised audit sheet in the same way. Fourth, the survey was
carried out on the seven audited axes. For each observation point, the audit sheet recorded
the obstacles observed, classified as human-behaviour, infrastructural or natural and as
temporary or permanent, together with the side of the street and the time of observation.
The protocol combined quantitative counts with systematic photographic documentation
of each recorded obstacle; the photographs served to verify and classify the counts, and no
separate qualitative analysis was carried out. Its components were as follows.

Visual and photographic survey. Each identified obstacle was photographed at the
moment of recording. The photographic record provides empirical support for the count
entered in the audit sheet and documents the typology of the obstruction observed. The
photographic record is retained by the authors as internal documentation and is not
distributed with the dataset.

Observation window. Fieldwork was conducted between 09:00 and 19:00. This period
covers the main daytime commercial and pedestrian activity of the district, so that the
temporary obstructions generated by human activity—unregulated parking, waste deposits
and merchandise placed on the sidewalk—could be observed together with permanent
obstacles. The field report of each team gives the time of its visit to each street unit. Except
for R6, whose reports give the interval 17:00-19:00, this is a single clock time, which may
mark only the start of the visit; the duration of the visits was not recorded. On this basis, the
visits to 21 of the 26 street units can be assigned approximately to three periods: eight units
(16 sides; R3, R4, and R8_S3) were audited from the morning (recorded times 09:00-11:00),
five (10 sides; R1 and R2) from the early afternoon (14:00-14:45) and eight (16 sides; R,
R8_S1, and R8_S2) in the evening peak (17:00-19:00); no visit time was recorded for the five
units of R7. Section 4.5 examines the effect of visit time on the results.

Lateral differentiation. Auditing the two sides of each street unit separately (Section 2.1)
allows the symmetry or asymmetry of accessibility conditions within a unit to be assessed.

Quality control. All completed audit sheets were reviewed and corrected by the first
author against the photographic record, and the first author coded the field categories of
the audit sheet into the twenty audit variables defined above, so that the same criteria were
applied to every street.

Eight synthetic variables were constructed by grouping the twenty raw variables
according to morphological function and the type of municipal response they imply. They
are labelled X1-X8 to distinguish them from the two obstruction profiles produced later by
k-means, C1 (lower obstruction) and C2 (higher obstruction). Each synthetic variable is the
sum of the occurrences per 100 m of its constituent variables (Table 1) and is interpreted as
a relative burden score within this dataset rather than as a calibrated physical unit.

The grouping follows the municipal service that would act on each problem, so that
every family corresponds to a distinct intervention dimension. Structural defects (X1:
insufficient width, damaged surfacing, excessive cross-slope and unsuitable curbs) call for
sidewalk reconstruction or resurfacing by public-works services. Street furniture (X2: light
poles, road signs, column bases and drainage inlets) calls for relocation or redesign of fixed
equipment. Normative accessibility (X3: missing tactile paving and access ramps) calls for
the compliance works required by Law No. 02-09 [51]. Commercial occupation (X4: market
stalls, merchandise, and advertising panels), illegal parking (X5), and construction sites
(X8) are problems of use that call for regulation and enforcement, whereas bulky waste
(X6: waste, bulky items, debris, and rubbish) calls for collection and waste management.
Natural obstacles (X7: street trees) call for maintenance and planting design. Section 4.4
links these dimensions to intervention types.

During data preparation, a raw column initially labelled “inadequate signage” was
found to be numerically identical, segment by segment, to tactile_bands + access_ramps.
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Retaining it would have duplicated the accessibility dimension, so the duplicate column
was removed before analysis; the final audit contains twenty raw variables.

X3 requires a distinct interpretation. It records accessibility-compliance deficits—missing
tactile paving and access ramps—which can impede particular users without necessarily occu-
pying sidewalk area. X3 is retained in the obstruction profiles because universal accessibility
is a substantive component of pedestrian quality. However, because X3 does not represent
physical occupancy in the same way as the other families, the action taxonomy in Section 4.4
is reported both with and without X3.

2.3. Analytical Processing Workflow and Tools

Descriptive statistics and correlation screening were carried out in Orange Data Mining.
All other analyses were carried out in R 4.6.1 [52]: principal component analysis; k-means
partitioning, internal indices, and the gap statistic [53] (packages cluster and fpc); street-unit
bootstrap stability [54]; random-forest fitting (ranger) with cross-validation grouped by
street unit (rsample); exact TreeSHAP attribution (treeshap) [55]; the decision tree (rpart);
and the hierarchical clustering and multidimensional scaling reported in Section 3.2. The
agent-based sweep was run in NetLogo (Section 2.5). Robustness checks of the family
ordering are reported in Appendix D. The R scripts and the per-100 m data file are provided
as Supplementary Materials. The workflow keeps three levels of evidence apart: descriptive
patterning in the audit, internal summaries of the fitted partition, and a mechanistic
illustration in simulation. It comprises the seven steps listed below and summarised
in Figure 2.

1.  Step 1—Description. Distribution and variability of the twenty raw audit variables
were characterised by descriptive statistics.

2. Step 2—Correlation screening. Pairwise Spearman associations among the raw vari-
ables were inspected to detect redundancy.

3.  Step 3—Dimensional structure. The eight standardised synthetic variables were
submitted to principal component analysis (Figure 3). The PCA is descriptive, and
partitioning was not performed on component scores.

4.  Step 4—Partitioning. k-means (100 random starts) was run on the standardised
synthetic variables for k = 2-10; Section 2.4 explains the choice of k and the
stability assessment.

5. Step 5—Summary of the partition. A decision tree and a random forest with SHAP
attribution were fitted to the k-means labels. Because these labels are generated from
the same variables, the purpose of this step is not to show that the profiles can be
predicted, but to translate the multidimensional partition into terms a municipality
can act on: the tree gives a few readable rules, and SHAP shows how much each
obstacle family contributes to the separation between profiles and in which range of
values it matters. The random forest was evaluated with five-fold cross-validation
grouped by street unit (20 repetitions) and with leave-one-street-unit-out validation,
so that the two sides of a street unit never fall in different folds [56].

6. Step 6—Priority ordering. Families were ranked by mean absolute SHAP value,
averaged over 100 random forests with different random seeds and rescaled to per-
centages, and the ranking was cross-checked against the univariate between-profile
contrasts. Because the ranking describes how strongly each family separates the two
profiles, it is treated as an internal interpretive ranking rather than as direct evidence
of intervention effectiveness; its robustness to the number of profiles, to grouped
resampling, and to time-sensitive families is examined in Appendix D.
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7.  Step 7—Simulation. A minimal agent-based corridor model was used to illustrate
how purely local avoidance can generate nonlinear performance loss as obstruction
rises (Section 2.5).

s s
1. Field audit 2. Normalisation 3. Exploration 4. Partitioning
52 street-unit sides Street-unit lengths Descriptive statistics k-means, k = 2-10
(26 street units, 7 axes) g Occurrences per 100 m g Spearman screening ind Internal indices, gap statistic
20 variables, photographs 8 obstacle families X1-X8 PCA (Figure 3) Street-unit bootstrap
Audit sheets - photographs QGIS Orange - R R
J U J U J U J
e N\ N\ N\ A
8. Simulation 7. Action taxonomy 6. Priority ordering 5. Partition summary
Agent-based corridor, Physical works, use regulation, SHAP over 100 forests Decision tree
illustrative, not mapped maintenance - Dependence curves - Random forest, CV grouped
onto the audit (with and without X3) Check against t-contrasts by street unit
NetLogo Section 4.4 R R
\ J U J U J U J

Grey: data and simulation - Blue: unsupervised analysis - Red: supervised summary - Green: decision support

Figure 2. Analytical workflow: field audit and length normalisation, descriptive and dimensional
analysis, k-means partitioning with stability assessment, summary of the partition by decision tree
and random forest with SHAP attribution under grouped validation, action taxonomy, and illustrative
agent-based simulation.

98.7% 100.0%

94.7%
90.2%

90507 83.5%

60% -
48.7%

Proportion of variance

30% -

11.8%

1.3%
0% -

1 2 3 4 5 6 7 8
Principal component

-@- Component variance -@- Cumulative variance

Figure 3. Principal component analysis of the eight standardised synthetic variables (occurrences
per 100 m), shown as a scree plot with cumulative variance. Three components carry 74.7% of total
variance, with a marked elbow after the first.

In Figure 3, the component-variance curve falls sharply after the first component
(48.7%), while the cumulative curve reaches 74.7% by the third. Much of the variation in
the eight scores can therefore be represented by a few descriptive dimensions; the PCA is
not used to determine k.

These observations motivated a multistage design in which obstruction patterns are
first stratified and then summarised for interpretation. Pairing unsupervised pattern
discovery with supervised summarisation is useful for interpretability when the supervised
stage is kept separate from validation [57]. Claims are accordingly restricted to descriptive
statements about the sampled district, statements about how the fitted partition is organised,
and qualitative statements about mechanism from the agent-based model.
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2.4. Choosing k and Internal Assessment of the Partition

The number of clusters was chosen empirically. k-means was run on the eight stan-
dardised synthetic variables for every k between 2 and 10, and each partition was scored on
four complementary internal criteria (Table 2). The Calinski-Harabasz index measures the
ratio of between-cluster to within-cluster dispersion and favours compact, well-separated
partitions; the Davies-Bouldin index measures the average similarity of each cluster to its
most similar neighbour, lower values being better; the mean silhouette coefficient measures,
for each observation, how much closer it is to its own cluster than to the nearest other
cluster, and is directly interpretable at the level of individual street-unit sides; and the
gap statistic of Tibshirani et al. [53] compares within-cluster dispersion with that expected
under a reference distribution without cluster structure (500 reference datasets). These four
indices are widely used and respond to different aspects of cluster structure, so agreement
among them is more informative than any single criterion.

Table 2. Internal validity indices for k-means partitions of the eight standardised synthetic variables
(occurrences per 100 m), k = 2 to 10. s is the standard error of the gap estimate.

Calinski- Davies— .
k Harabasz Bouldin Gap Sk Silhouette
2 26.23 1.318 0.387 0.027 0.339
3 21.93 1.463 0.418 0.026 0.271
4 19.69 1.367 0.427 0.027 0.281
5 18.41 1.291 0.432 0.027 0.303
6 17.59 1.237 0.445 0.027 0.284
7 16.91 1.114 0.445 0.028 0.284
8 16.17 1.120 0.443 0.028 0.275
9 15.61 1.009 0.453 0.028 0.278
10 15.15 1.067 0.451 0.029 0.235

The silhouette and the Calinski-Harabasz index are highest at k = 2 (0.339 and
26.2), whereas the Davies-Bouldin index decreases irregularly with k and is lowest at
k = 9. The gap statistic rises gradually with k: applying the decision rule of Tibshirani
et al. [53]—retain the smallest k for which Gap(k) > Gap(k + 1) — s +1—gives k =3
(0.418 > 0.427 — 0.027), and the first-SE-maximum rule gives k = 4. This pattern indicates
weak rather than sharp cluster separation.

We therefore adopt k = 2 mainly as an operational prioritisation device: the substantive
task is triage, distinguishing lower- from higher-obstruction street-unit sides, for which
two ordered profiles are the most useful output. This choice is supported, but not uniquely
determined, by the internal indices. Two further checks support it (Section 3.2). First,
compared directly with k = 4, the two-profile solution scores better on the silhouette,
Calinski-Harabasz, and Davies-Bouldin indices. Second, a bootstrap of the 26 street units
(1000 replicates, keeping the two sides of each unit together) shows that both k = 2 profiles
are stable (mean Jaccard similarity 0.89 and 0.83 [54]), whereas two of the four k = 4 groups
are not reproduced. C1 and C2 are therefore read as ordered strata of obstruction burden
rather than as two natural street types.

2.5. Agent-Based Model of the Obstruction Mechanism

To explore a possible behavioural mechanism linking physical blockage to pedestrian
performance, we built a deliberately minimal agent-based model in NetLogo [58,59]. The
model is not a calibrated representation of Blida. Agents enter one end of a stylised
75 x 6-cell corridor and move toward the exit using only local avoidance rules: advance if
possible, otherwise step diagonally, otherwise move laterally [60-62]. Obstacles occupy a
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randomly selected fraction of cells, with density swept from 0 to 0.40 in steps of 0.02. Twenty
independent replications per level yielded 420 runs of 2000 ticks. This replication count is
sufficient to expose the broad shape of the response but not to locate the transition precisely:
near the transition, the level-to-level scatter is of the same order as the differences between
adjacent levels. The density sweep is therefore reported as a shape, and no single density
value is treated as an estimated threshold. Throughput, effective speed, crossing time,
and blocking events were recorded. Because no aggregate density—performance relation
is encoded in the rules, any nonlinear response is generated by the local interactions of
the model. The mechanism is closely related to site percolation in a narrow strip: as
randomly placed obstacles accumulate, the probability that no traversable lateral path
remains rises sharply over a narrow density band, and mutual exclusion between agents
adds an effective occupancy on top of the obstacle density. The model is therefore best read
as an urban-design-facing illustration of a well-characterised lattice phenomenon rather
than as the discovery of a new effect; its contribution is to place that phenomenon alongside
a field audit, not to establish it.

Two specifications are stated explicitly, because the interpretation in Section 3.5 de-
pends on them.

First, the corridor lattice is dimensionless. A cell is a unit of occupancy rather than a
calibrated area, so obstacle density is a fraction of blocked cells and not a measurement in
obstacles per square metre. The simulation can therefore support a qualitative mechanism
claim and relative comparisons, but it cannot establish a metric threshold for Blida or any
other city.

Second, measured throughput depends on the pedestrian inflow regime. The corridor
uses a constant injection rate that does not saturate it at density zero, which contributes
to the flat throughput region at low obstacle densities. A nonlinear deterioration still
emerges under this specification, but both the plateau and the numerical location of the
transition may shift under alternative inflow regimes. The transition is therefore interpreted
as model-specific rather than universal.

The simulation is not linked numerically to the audit. Audit occurrences differ widely
in physical footprint, and the accessibility family X3 records missing provisions rather
than occupied space, so no defensible conversion exists between occurrences per 100 m
and blocked-cell density. The model is used to illustrate a mechanism: small local detours,
each harmless on its own, can add up to a disproportionate loss of pedestrian performance
once obstruction passes a model-specific level. This mechanism is the reason the study
prioritises street units by their cumulative obstruction profile rather than by any single
obstacle type.

Appendix A provides the consolidated specification of the agent-based model.

3. Results
3.1. Descriptive Profile of the Twenty Raw Variables

Table 3 reports descriptive statistics for the 20 raw audit variables, as counts per
street-unit side. The largest recorded mean burdens concern missing tactile paving (mean
13.23), damaged surfacing (5.48), insufficient width (4.46), and light poles (4.54). Informal
appropriation is represented by unauthorised parking (mean 2.69) and market stalls (mean
2.50). Dispersion is high for several variables, with maxima far above medians, indicating
a right-skewed distribution of recorded obstruction burden.
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Table 3. Descriptive statistics for the twenty raw variables (N = 52 street-unit sides from 26 street
units). Counts are recorded as audit occurrences per street-unit side before length normalisation; all
subsequent analyses use occurrences per 100 m (Section 2.1).

Variable Description Mean Median Min-Max
insuff wid insufficient usable width 4.46 2 0-20
damag_coat damaged pavement surface 5.48 4 0-21
exces_bank excessive cross-slope 0.44 0 0-6
unsuitable_borders unsuitable curb/edge condition 1.23 1 0-8
light_poles light poles intersecting clear path 4.54 3 0-17
road_signs road signs intersecting clear path 112 1 04
trees trees intersecting clear path 2.63 1 0-15
mouth_sewer sewer/drainage inlets 2.10 2 0-10
column_bases column bases 1.77 1 0-7
tactile_bands missing tactile paving 13.23 11.5 2-40
access_ramps missing access ramps 5.12 4 0-12
march_shops market stalls 2.50 1.5 0-14
merchandise merchandise encroachment 1.54 1 0-5
advertising_panels advertising panels 0.65 0 04
anarchic_park unauthorised parking 2.69 1 0-15
waste_garbage waste/garbage accumulation 2.19 2 0-6
bulky_items bulky items 2.06 2 0-10
rubbish loose rubbish 0.42 0 0-3
debris debris 0.42 0 0-3
work construction worksites 0.46 0 0-3

Table 4 summarises the eight synthetic variables in occurrences per 100 m. The
heaviest average burden falls on normative accessibility (X3, 4.60 deficits per 100 m), ahead
of structural defects (X1, 3.10) and street furniture (X2, 2.47).

Table 4. Descriptive statistics for the eight synthetic variables X1-X8 across the 52 street-unit sides, in
occurrences per 100 m (X3: deficits per 100 m). These scores are the inputs to the partitioning and
attribution analyses. The action-class column identifies the type of intervention associated with each

family (Section 4.4).

Synthetic Variable Action Class Mean (/100 m) Median Min-Max
X1 Structural defects Physical works 3.10 2.45 0-9.71
X2 Street furniture Physical works 247 227 0.24-6.46
X3 Normative accessibility Physical works 4.60 4.29 0.46-12.62
X4 Commercial occupation Use regulation 1.23 0.69 0-6.25
X5 Illegal parking Use regulation 0.65 0.38 0-3.62
X6 Bulky waste Use regulation 1.36 1.18 0-4.72
X7 Natural obstacles Maintenance 0.53 0.34 0-2.85
X8 Construction sites Use regulation 0.13 0 0-1.04

3.2. Operational k-Means Stratification (k = 2)

With k fixed operationally at two (Section 2.4), k-means on the standardised per-100 m
densities returned two ordered obstruction profiles. C1, the lower-obstruction profile,
contains 31 street-unit sides (59.6%); C2, the higher-obstruction profile, contains 21 (40.4%).
A Ward hierarchical clustering of the same standardised densities (Figure 4) partly recovers
the partition (adjusted Rand index = 0.42): one branch holds 22 sides, all in C1, and the other
holds all 21 C2 sides together with 9 C1 sides. Figure 5 projects the same distance matrix
in two dimensions; the two profiles separate along the first dimension, with transitional
sides near the boundary. The silhouette analysis indicates weak and uneven cohesion:
0.339 overall, 0.526 for C1, and 0.063 for C2 (Figure 6). Seven of the 21 C2 sides have
negative silhouettes, so C2 combines a core of highly obstructed sides with transitional
sides close to C1.
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Figure 6. Silhouette widths of the 52 street-unit sides for the two-profile partition. Bars are grouped by
profile and sorted; dashed lines mark the profile means (C1 = 0.526; C2 = 0.063; overall = 0.339). Grey
bars are the seven C2 sides with negative silhouettes, which lie closer to C1 than to their own profile.

Nominal Student’s ¢-statistics describe the magnitude and ordering of separation be-
tween the two profiles (Figure 7). All eight synthetic variables differ: normative accessibility
(X3: 2.86 vs. 7.16 per 100 m, ¢ = 8.44), bulky waste (X6: 0.80 vs. 2.18, t = 7.51), structural
defects (X1: 1.80 vs. 5.01, t = 6.12), street furniture (X2: 1.67 vs. 3.65, t = 5.54), illegal parking
(X5: 0.27 vs. 1.21, t = 4.74), commercial occupation (X4: 0.58 vs. 2.19, t = 4.11), natural
obstacles (X7: 0.32 vs. 0.85, t = 3.05), and construction sites (X8: 0.07 vs. 0.22, t = 2.43). All
contrasts remain below 0.05 after Holm—-Bonferroni adjustment. Because the profiles were
generated from the same variables and paired sides are not independent, these statistics
describe the partition rather than test hypotheses.
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Figure 7. Distribution of the eight synthetic variables (occurrences per 100 m) across the two profiles
(N = 52 street-unit sides): (a) structural defects; (b) street furniture; (c¢) normative accessibility;
(d) commercial occupation; (e) illegal parking; (f) bulky waste; (g) natural obstacles; (h) construction
sites. The nominal Student t-statistic and its uncorrected p-value are printed above each panel;
Holm-adjusted values are reported in Section 3.2.

Normalisation by length changes the partition materially. The per-100 m solution
agrees only weakly with the solution obtained on raw counts (adjusted Rand index = 0.10),
and 17 of the 52 sides change profile: the seven sides that move from C2 to C1 belong to
long street units (mean 697 m), and the ten that move from C1 to C2 belong to short ones
(mean 218 m) (Appendix C). This is the exposure effect that normalisation removes; all
results reported here use the normalised densities.

Table 5 compares the two-profile and four-profile solutions, including their stability
under the street-unit bootstrap described in Section 2.4. The k = 4 solution separates a low-
density group (22 sides), a dense core (7 sides) and a small group marked by construction
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sites and street furniture (5 sides), but its fourth group (18 sides) mixes sides from both
k =2 profiles, has a near-zero silhouette (0.01) and is not reproduced under resampling.

Table 5. Comparison of the two-profile and four-profile k-means solutions on the standardised
per-100 m densities. Jaccard similarities are means over 1000 bootstrap replicates of the 26 street units;
following Hennig [54], values above 0.75 indicate stable clusters and values of 0.5 or below indicate
dissolved clusters.

Criterion k=2 k=4
Mean silhouette 0.339 0.281
Calinski-Harabasz 26.2 19.7
Davies-Bouldin (lower is better) 1.32 1.37
Profile sizes 31/21 22/18/5/7
Mean Jaccard per profile 0.89; 0.83 0.86; 0.50; 0.61; 0.71
Mean adjusted Rand index (bootstrap) 0.74 0.63

3.3. Decision Tree: Interpretable Sample-Specific Rules

The decision tree (Figure 8) was fitted as a readable summary of the partition, with at
least two observations per leaf and no split of nodes with fewer than five observations.

€D
31/52
100%
X3<5.2

=25.2

D CC_LD

29/31 19/21

60% 40%

X1<35 X6<1.2

v

3.5

v
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281/28 2/3 2/3 18/18
54% 6% 6% 35%

Figure 8. Decision-tree summary of the two-profile partition on per-100 m densities, with splits
at X3 > 5.2 deficits/100 m, X1 > 3.5 and X6 > 1.2 obstacles/100 m. Below each node: sides of the
predicted profile over all sides in the node, and the node’s share of the sample.

The first split occurs at 5.2 normative-accessibility deficits per 100 m. Below it, sides
with fewer than 3.5 structural defects per 100 m form a pure C1 leaf (28 of 28); above it,
sides with at least 1.2 bulky-waste items per 100 m form a pure C2 leaf (18 of 18). Two
small mixed leaves hold the remaining six sides. The tree reproduces 96.2% of the k-means
labels on the fitted sample but 78.6% (range 73.1-86.5%) under cross-validation grouped
by street unit, so its cut-points summarise this sample rather than provide transferable
thresholds. Its value is to show how the audit could be compressed into a short screening
sequence—accessibility first, then structural defects or bulky waste—once calibrated locally.

3.4. Internal Contribution Ordering of the Eight Obstacle Families

Table 6 reports the internal ordering of the eight obstacle families, measured by mean
absolute SHAP values, together with the univariate between-profile contrasts of Section 3.2.
The random forest reconstructs the partition well under cross-validation grouped by street
unit (Table 7); grouping lowers accuracy and the Matthews correlation coefficient only
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modestly relative to folds that ignore street units, which indicates limited leakage between
paired sides.

Table 6. Internal attribution ordering of the eight obstacle families: mean absolute Shapley values
(exact TreeSHAP [55]) of the random forest, averaged over 100 fits with different random seeds
(100 trees, maximum depth 15, minimum node size 5), aggregated across classes and normalised to
100%. Brackets give the 2.5-97.5% range across fits. The right-hand column gives the action class
used in Section 4.4.

Synthetic Variable SHAP Importance, Mean % [2.5-97.5%] Action Class

X3 Normative accessibility 27.3[23.0-32.4] Physical works

X6 Bulky waste 22.6 [19.1-26.4] Use regulation

X1 Structural defects 15.9 [12.0-19.7] Physical works

X5 Illegal parking 14.8 [11.4-18.4] Use regulation

X2 Street furniture 6.2 [3.8-8.2] Physical works

X4 Commercial occupation 5.4[3.8-7.2] Use regulation

X7 Natural obstacles 5.1[3.4-7.2] Maintenance

X8 Construction sites 2.6 [1.5-3.7] Use regulation

Total physical works (X1 + X2 + X3) 49.4 —

Total use regulation (X4 + X5 + X6 + X8) 454 —

Total maintenance (X7) 5.1 —
Table 7. Reconstruction of the two-profile partition by the random forest under three validation
schemes (means over 20 repetitions for the grouped and stratified schemes). Grouped folds keep the
two sides of a street unit together.

Metric Grouped 5-Fold, Street Units (Main) Leave-One-Street-Unit-Out Stratified 5-Fold, Sides

AUC 0.968 0.972 0.976

Overall accuracy 0.900 0.865 0.921

F1 (weighted) 0.900 0.865 0.921

Matthews correlation coefficient 0.794 0.719 0.840

Three families carry the leading attribution weights: normative accessibility (27.3%),
bulky waste (22.6%), and structural defects (15.9%), together about two-thirds of the model
attribution. X3 ranks first in 90% of the 100 fits. The intervals of structural defects and
illegal parking (14.8%) overlap, so these two form a shared third tier. Street furniture (6.2%),
commercial occupation (5.4%), natural obstacles (5.1%), and construction sites (2.6%) carry
smaller weights. SHAP dependence plots (Figure 9) show threshold-like effects: attribution
towards C2 rises sharply between about 4 and 6 accessibility deficits per 100 m, 1 and 1.6
bulky-waste items per 100 m, and 2.5 and 3.5 structural defects per 100 m, and is nearly flat
outside these ranges.

c
o)

()

SHAP value (towards C2)

SHAP value (towards C2)
SHAP value (towards C2)

50 3 100 1 2 3 : 5. 5
X3 Normative accessibility (deficits/100 m) X6 Bulky waste (obstacles/100 m) X1 Structural defects (obstacles/100 m)

® Cl-Lowdensty X C2- High density ® Cl-Lowdensty X C2- High densiy © Cl-Lowdensity X C2- High density

Figure 9. SHAP dependence plots for the three leading families: (a) normative accessibility, (b) bulky
waste, (c) structural defects. Each point is a street-unit side; the vertical axis is its mean SHAP value
over 100 random-forest fits (positive values push towards C2, the higher-obstruction profile). Curves
are LOESS smooths with 95% confidence bands.
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The concordance between the two orderings is close but not exact. Ranking the eight
families by their between-profile t-statistics reproduces the SHAP order except for one adja-
cent swap between street furniture and illegal parking (Spearman p = 0.98; Pearson r = 0.92).
The supervised stage therefore adds interpretive structure, notably the threshold shape of
the effects, but little independent discriminatory evidence beyond the simpler contrasts.

The ordering was checked in three further ways (Appendix D, Table A3). First, under
the four-profile solution normative accessibility still ranks first (21.5%), but street furniture
(18.7%) and illegal parking (16.0%) move ahead of bulky waste (11.2%) and structural
defects (10.4%), because the four-profile solution isolates a small group defined by street
furniture and construction sites; the rank correlation between the two orderings is 0.69.
Second, refitting the random forest within each training set of the grouped cross-validation
(100 fits) keeps normative accessibility in the top three families in every fit and first in 77%
of fits, and bulky waste in the top three in 99%, while structural defects (65%) and illegal
parking (34%) share the third place; the first split of the decision tree falls on normative
accessibility in 76% of the training sets and on bulky waste in 17%. Third, a partition built
only on the time-insensitive families (X1, X2, X3, X7, and X8) assigns 88% of the street-unit
sides to the same profile as the main partition. Normative accessibility is therefore a robust
leading dimension, whereas the relative position of the second-tier families depends on the
operational partition and should be read with caution.

3.5. Agent-Based Exploration of a Possible Obstruction Mechanism

Across 420 simulations, three model-specific regimes are visible (Table 8, Figure 10).
Below approximately 0.26 blocked-cell density, throughput remains close to the free-flow
reference but is not monotonic. With only 20 replications per level, individual levels fluc-
tuate by several percentage points in both directions (Figure 10); these fluctuations are
replication noise rather than structure. Effective speed declines more smoothly. Deteriora-
tion becomes systematic between the 0.26 and 0.30 levels: at 0.30, throughput has fallen
to 90.3% and effective speed to 77.9% of free flow, followed by a steep drop at 0.32 (68.7%
throughput; 57.7% effective speed). Performance continues to decline at higher densities.
For clarity, we distinguish a noisy low-density region (<0.26), a transition between 0.26
and 0.30, and a steep collapse region beyond 0.32. These boundaries are indicative and
describe this model specification only.

Table 8. Emergent throughput and effective speed as functions of blocked-cell density in the agent-
based model (20 replications per level; values normalised to free flow). Selected levels are tabulated;
the complete 21-level sweep is plotted in Figure 10. T Values above 100% in the low-density region
reflect replication noise at 20 replications per level.

Obstacle Density Throughput (% Free-Flow) Effective Speed (% Free-Flow)

0.00 100.0 100.0
0.14 100.2 + 98.6
0.20 100.8 + 96.6
0.26 100.4 + 94.3
0.30 90.3 779
0.32 68.7 57.7
0.36 58.9 46.3
0.40 242 19.0
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Figure 10. Emergent pedestrian throughput and effective speed versus blocked-cell density in
the agent-based model (75 x 6-cell corridor; 20 replications per density). Shaded bands mark the
indicative transition and steep-decline regions described in Section 3.5.

Table 8 reports selected levels of the density sweep.

Because the model encodes only local avoidance and no aggregate density-throughput
curve, the nonlinear deterioration is an emergent property of this simplified specification.
The result supports the qualitative proposition that accumulated local detours can generate
disproportionate performance loss; it does not establish the numerical location of such a
transition in Blida.

Because the corridor is dimensionless, the empirical profiles C1 and C2 are not placed
on the simulated curve. The simulation is used to illustrate mechanism and nonlinearity,
not to state whether any sampled street has crossed a real-world capacity threshold.

Mean crossing time is not used as an indicator here, since at high density it is biased
downward: only agents on the least-obstructed paths ever complete the corridor.

In summary, Section 3 shows that the per-100 m audit supports an operational two-
profile reading, that three families (accessibility deficits, bulky waste, and structural defects)
drive the separation through threshold-like effects, and that obstruction can degrade
pedestrian performance nonlinearly in the simulated corridor.

4. Discussion
4.1. Interpretation of Urban Segmentation

The k-means analysis provides a pragmatic two-profile summary of the 52 street-
unit sides: C1 (59.6%) represents lower recorded obstruction, and C2 (40.4%) represents
higher recorded obstruction. The profiles are stable under street-unit resampling, but C2 is
internally heterogeneous, so C1 and C2 are best read as operational strata of obstruction
burden rather than as natural street types.

The higher-obstruction profile shows a broad escalation across all audit families rather
than dependence on a single obstacle type. Accessibility deficits (f = 8.44), bulky waste
(t =7.51) and structural defects (t = 6.12) show the largest contrasts, whereas illegal parking
(t = 4.74), which led the separation when counts were not normalised, becomes secondary
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once exposure is accounted for. Informal appropriation is therefore one of several concurrent
dimensions of obstruction, alongside structural deficiencies, accessibility deficits and the
management of waste [63,64].

4.2. Role of the Supervised Stage

The two profiles are readily encoded by the variables that generated them: three
decision-tree splits reproduce most of the fitted sample (Section 3.3), and the random forest
reconstructs the labels with an accuracy of 0.90 under cross-validation grouped by street
unit (Table 7). These results show that the partition is internally coherent and robust to the
dependence between paired sides; because the labels derive from the same variables, they
do not constitute external validation.

The near-identical agreement between the SHAP ranking and the univariate contrast
ranking reinforces the same reading. The supervised stage does not reveal a hierarchy
hidden from simpler statistics; its contribution is to show where each family starts to matter,
through the threshold-like dependence curves, and to provide a compact rule set. Applied
urban-analytics studies that predict unsupervised labels from the same features should
keep this distinction between reconstruction and validation explicit [47].

What the analysis contributes is a transparent route from a street-level audit to an
ordered set of intervention families. The decision tree shows how a few audit dimensions
can compress the partition into readable rules, and the attribution ordering shows how
obstruction burden is distributed across those dimensions; operational use of either would
require local calibration.

4.3. Exploratory Simulation and Implications for Intervention

The decision tree yields sample-specific cut-points that describe how the partition
is organised: about 5.2 accessibility deficits per 100 m at the first split, followed by 3.5
structural defects or 1.2 bulky-waste items per 100 m. The SHAP dependence curves place
the steepest changes in similar ranges. These values identify which dimensions deserve
attention first; they are not calibrated intervention thresholds.

The agent-based model provides a separate mechanistic exploration. Under the stated
corridor and inflow assumptions, purely local avoidance produces a nonlinear deterioration
in throughput and effective speed once blocked-cell density becomes sufficiently high. This
qualitative result is consistent with evidence that built-environment effects can be nonlinear
and interactive [65-67], while remaining explicitly model-specific.

The simulation is deliberately not mapped onto the audit (Section 2.5). Its policy
implication is qualitative: because performance can collapse once local detours accumulate,
preventing the accumulation of several obstruction types on the same sidewalk is preferable
to waiting for severe blockage.

Using the model operationally would require behavioural field data—pedestrian
counts, observed detours or carriageway incursions—and corridors matched to measured
sidewalk widths and obstacle footprints [62,68,69].

The accessibility dimension remains important independently of the simulation be-
cause it reflects statutory and rights-based obligations. X3 aligns with Algerian Law No.
02-09 of 8 May 2002 on the protection and promotion of persons with disabilities [51]
and with the United Nations Convention on the Rights of Persons with Disabilities [70].
Informal commerce (X4), by contrast, raises a governance question as well as a spatial
one [71,72]. The decision-support value of the analysis is therefore in combining these
distinct intervention logics, not in reducing them to a single physical threshold.
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4.4. Prioritisation by Intervention Type: A Three-Class Action Taxonomy

Section 3.4 places normative accessibility, bulky waste and structural defects at the top
of the internal ordering, followed by illegal parking, with the remaining four families well
behind. Because the ordering closely matches the univariate contrast ordering, it is read
as a summary of priority dimensions in the sampled profiles. It is an internal interpretive
ranking: it shows which families distinguish the higher-obstruction sides in this sample,
not that intervening on these families yields the largest gains for pedestrians, which would
require independent evidence such as expert assessment or observed pedestrian behaviour.

One methodological point must be settled before the weights are interpreted. Whether
“governance” or “infrastructure” appears dominant depends entirely on how the eight
families are grouped. The highest-ranked family, accessibility (X3), is addressed by physical
works—installing tactile paving and ramps—whereas parking (X5) is addressed by regula-
tion and enforcement. Any binary “governance versus infrastructure” verdict is therefore
an artefact of labelling rather than an empirical finding, and we deliberately avoid it.

We instead group obstacle families by the type of intervention each requires, using a
three-class action taxonomy (Table 6). Physical works—structural repair, furniture reloca-
tion and accessibility compliance (X1 + X2 + X3)—carry 49.4% of attribution. Regulation
of use—parking, commerce, waste, and worksites (X4 + X5 + X6 + X8)—carries 45.4%.
Routine maintenance of natural obstacles (X7) carries 5.1%. The ranking remains sensitive
to grouping choices, which are therefore stated explicitly.

Because X3 counts required-but-missing provisions rather than objects occupying the
sidewalk (Section 2.2), we report the same taxonomy with X3 removed and the remaining
attribution renormalised to 100%. Use regulation then accounts for 62.5%, physical works
for 30.4% and maintenance for 7.1%; within use regulation, bulky waste (31.1%) outweighs
illegal parking (20.4%). With X3 included, physical works and use regulation are nearly
balanced; with X3 excluded, use regulation clearly leads. The two readings answer different
questions: the all-variable taxonomy addresses the total compliance and obstruction burden
borne by pedestrians, whereas the X3-excluded taxonomy addresses where the sidewalk
is physically occupied today. Both are reported as co-primary results, because the choice
between them is a policy choice about what counts as an obstruction, and it changes which
municipal service leads the response.

Read as decision support, the results suggest that obstruction in central Blida is pro-
duced jointly by accessibility deficits, waste and structural deficiencies, and the regulation
of informal uses. Table 9 links each obstacle family to the corresponding intervention
type, the lead service, and its internal priority in this audit. Three practical implications
follow. First, accessibility compliance should be phased towards street-unit sides with
the highest X3 burden, because it is a legal obligation rather than a discretionary amenity.
Second, bulky-waste management and the enforcement of parking rules are lower-cost
actions that can be applied quickly through routine services and negotiated allocation of
sidewalk space [73]. Third, structural reconstruction should be targeted at locations where
width, surface, or curb conditions materially constrain passage, while conflicts with fixed
equipment can often be solved by relocation rather than reconstruction. These priorities
apply to the audited district; site-level implementation should follow local inspection.
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Table 9. Obstacle families, corresponding intervention types, and internal priority in the audited
district. Internal priority follows the mean SHAP attribution (Table 6): high, >20%; medium, 10-20%;
low, <10%. It ranks families by how strongly they separate the two obstruction profiles and should

be confirmed with independent evidence before it is used to allocate budgets.

Obstacle Family

Main Problems Recorded

Intervention Type

Lead Service

Internal Priority (SHAP)

Missing tactile paving and

Accessibility compliance

Public works; accessibility

. . . o
X3 Normative accessibility access ramps works (Law No. 02-09) programme High (27.3%)
. Collection, waste ..
X6 Bulky waste Waste depo.sns, bu%ky management, enforcement Mt.u'uc1pal. High (22.6%)
items, debris, rubbish . . cleansing services
against dumping
Insufficient width,
X1 Structural defects damaged surface, Sidewalk reconst.ructlon Public works Medium (15.9%)
cross-slope, and resurfacing
unsuitable curbs
Vehicles parked on Parking enforcement; Municipal police;
X5 Illegal parking P physical protection cipal potice; Medium (14.8%)
the sidewalk (bollards) traffic services

X2 Street furniture

Light poles, signs, column
bases, drainage inlets

Relocation or redesign of
fixed equipment

Public works; utility
operators

Low (6.2%)

X4 Commercial
occupation

Stalls, merchandise,
advertising panels

Designated vending areas;
negotiated rules; permits

Trade and public-space
services

Low (5.4%)

X7 Natural obstacles

Street trees within the
walking zone

Maintenance; tree-pit and
planting design

Parks and green-space
services

Low (5.1%)

X8 Construction sites

Works occupying
the sidewalk

Permits with mandatory
pedestrian diversion

Planning and
permit services

Low (2.6%)

4.5. Methodological Limitations, Validity Boundaries and Generalisability

The following limitations define the scope of the study.

Sampling and dependence. The dataset contains 52 street-unit sides nested within
26 street units in one central commercial district. Paired sides share contextual charac-
teristics and are not fully independent, so the effective information is closer to 26 units
than to 52 observations. Bootstrap stability and random-forest validation were therefore
carried out at the street-unit level (Sections 2.4 and 3.4), but the descriptive t-statistics
remain nominal. The small sample also exposes the supervised stage to overfitting: with
about 26 independent units, a flexible classifier can fit the idiosyncrasies of individual
sides. This risk was limited by a minimum node size of five, by averaging over 100 fits,
and by evaluating the random forest only on held-out street units (accuracy 0.900 under
grouped folds and 0.865 under leave-one-street-unit-out validation; Table 7). The decision
tree is more affected, reproducing 96.2% of the fitted labels but 78.6% under grouped
cross-validation, so its cut-points are sample-specific. The family ordering is less exposed,
because it matches the univariate contrasts (p = 0.98) and remains stable across grouped
training sets (median p = 0.95; Appendix D); it nevertheless summarises this sample and is
not intended to predict conditions in other districts.

Measurement scale. Counts were normalised per 100 m of sidewalk using digitised
street-unit lengths, which removes the main exposure effect (Appendix C). Length does not
capture sidewalk width, so obstacles per square metre or an effective-clear-width measure
would provide a stronger basis for comparing streets of different geometry.

Spatial structure. The sampled units are spatially concentrated and partly contigu-
ous within one commercial district, so spatial dependence may be present. No spatial
autocorrelation test or spatially blocked validation was undertaken. The study therefore
makes no claim that the fitted internal reconstruction metrics generalise to unsampled
neighbourhoods; future multi-area studies should examine spatial dependence explicitly.
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Cluster support. The internal indices favour k = 2, whereas the gap statistic favours
k = 3 or 4, and the mean silhouette of C2 is only 0.063. The two-profile solution is stable
under street-unit bootstrap resampling, but it is used as an operational prioritisation device
rather than as evidence that the streets form two natural populations; replication in other
districts is needed before the structure is generalised.

Circularity of the supervised stage. The random-forest labels are derived from the
same variables used as predictors, so the classifier, decision tree, and SHAP values sum-
marise the clustering rather than validate it against an external criterion, and the SHAP
ordering is an internal interpretive ranking rather than a measure of intervention effective-
ness. External validation would require an independent outcome, such as expert ratings,
observed pedestrian behaviour, or a separately collected sample.

Construct validity of the accessibility family. X3 is the family with the largest between-
profile contrast (f = 8.44) and the largest mean SHAP attribution (27.3%), so it materially
influences the priority ordering. Unlike the other families, X3 enumerates required-but-
missing provisions rather than present objects, and it may still scale nonlinearly with length
after normalisation. It is therefore interpreted as a compliance burden, and the X3-excluded
taxonomy in Section 4.4 is reported as a co-primary reading.

Inter-rater reliability. All audit sheets were reviewed against the photographic record
and coded into the 20 variables by a single person, the first author, which ensures that the
same criteria were applied across streets and teams; all observers had followed the same
preparation and calibration workshop and used the same standardised audit sheet. No
inter-rater coefficient is available; however, neither an independent re-audit nor a blind
re-coding of the photographs by a second coder could be carried out within this study, and
a single-coder review, while improving consistency, is not an independent reliability check.

Time of day. The families that record temporary occupation—commercial occupation
(X4), illegal parking (X5), and bulky waste (X6)—are sensitive to the hour of observation,
and the recorded counts are not adjusted for it. The visit times recorded for 21 street units
(Section 2.2) allow a partial check. Units audited in the evening peak did not show higher
densities of these families than units audited in the morning or early afternoon (street-unit
medians in the morning, early afternoon and evening peak, in occurrences per 100 m: X4,
0.48, 1.18, and 0.40; X5, 0.44, 0.85, and 0.25; X6, 1.32, 1.41, and 0.76; Kruskal-Wallis p = 0.31,
0.64, and 0.24), and 14 of the 16 sides audited at the peak belong to the lower-obstruction
profile (Fisher’s exact test, p = 0.03 by side and 0.22 by street unit). These comparisons
are approximate: the recorded times may mark only the start of a visit, and long visits
may extend into the following period, which would tend to blur differences between
periods. Visit time is also confounded with street, because every street except R8 has a
single recorded time, so these comparisons cannot separate an effect of the hour from
differences between streets; the visit time of R7 was not recorded. A partition built only
on the time-insensitive families assigns 88% of the street-unit sides to the same profile and
keeps normative accessibility and structural defects at the top of the ordering (Appendix D).
These checks give no indication that visit time drives the main result, but they cannot
exclude it; repeat visits to the same street units at fixed hours, or paired peak and off-peak
audits, would separate temporary from permanent obstruction. Because bulky waste
(X6), the second family in the ordering, is time-sensitive, its position should be read with
particular caution.

Simulation. The agent-based corridor is dimensionless and intentionally simplified; it
is not mapped onto field densities, obstacle footprints are treated uniformly, positions are
random, and the throughput plateau depends on the inflow specification. The simulation
therefore supports a mechanism-oriented claim only; behavioural and geometric calibration
would be required before any simulated value could guide municipal action.
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Design. The field audit is cross-sectional, so it cannot establish temporal stability,
causal effects, or the performance of interventions. Longitudinal and before-and-after
designs on treated and untreated locations are needed to evaluate intervention effectiveness.

4.6. Implications for Future Research and Public Policy

This decision-support approach is transferable primarily as a workflow rather than as
a set of numerical thresholds. For Blida, the current evidence supports pilot actions that
combine accessibility compliance, relocation or redesign of obstructive street equipment, and
management of parking, commerce, and waste in the higher-burden street-unit sides. In
other North African or resource-constrained cities, the same audit-to-prioritisation sequence
could be applied after adapting variable definitions and recalibrating any decision rules to
local geometry and governance conditions [39,40,74]. Two cautions attach to that transfer.
Street morphology varies systematically across African cities, so audit units and aggregation
rules calibrated in Blida should not be assumed comparable elsewhere without checking the
underlying form [75]. And analytic instruments of this kind carry a governance risk as well
as a governance promise: transferred without local adaptation, data-driven urban tools can
substitute technical ranking for political deliberation about who public space is for [76].

Three policy directions follow without relying on the simulated density as a field
standard. First, a municipal public-space unit could monitor and reduce high obstruction-
burden scores, with particular attention to accessibility deficits and fixed elements that
narrow the clear sidewalk width. Second, informal commerce should be managed through
designated locations and negotiated rules rather than treated only as a removal problem,
while unauthorised parking requires routine enforcement. Third, a simple periodic audit of
the leading dimensions (X3, X6, and X1) could be used to rank locations for inspection and
intervention. The three-rule decision tree demonstrates the potential simplicity of such a
screening tool, but its numerical cut-points require independent local calibration before
operational adoption.

From a sustainability perspective, most of the priorities identified here are low-
cost and quick to implement. Once accessibility deficits are set aside, use-regulation
actions—waste collection, parking enforcement and the management of commercial uses
and worksites—account for 62.5% of the attribution and can be delivered by existing
municipal services without major capital investment, while accessibility compliance
and structural repair can be phased within public-works programmes. Such a sequence
restores walkable space quickly, supports a shift towards low-carbon mobility in the city
centre and advances inclusive access for vulnerable users, which makes the protocol a
practical tool for the local implementation of Sustainable Development Goal 11 [50].

Before operational deployment, the framework would need an independent reliability
check, area-based normalisation, an external outcome against which the profiles can be
validated, a calibrated pedestrian model, and before-and-after evaluation of interventions;
these directions are set out in Section 5. For the agent-based model, a first step towards
calibration would be to record the plan dimensions of individual obstacles, such as an
illegally parked car, a vendor’s stall or a pile of bulky waste, and to map them onto the
model grid at their surveyed positions, so that each object blocks the number of cells
corresponding to its real footprint rather than a uniform cell. Combined with measured
clear widths and pedestrian counts, this mapping would allow simulated speeds and
flows to be compared with field observations and would give the model calibration and,
eventually, predictive value.

In summary, the evidence favours a mixed strategy led by accessibility compliance,
waste management and targeted structural repair, with enforcement and the management
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of informal uses in support; its scope is limited by a single district, a single coder and a
single survey period.

5. Conclusions

This study converted a micro-scale sidewalk audit of 52 street-unit sides nested within
26 street units in central Blida, Algeria, into a ranked set of municipal intervention families.
Its main findings answer the three research questions as follows.

First, once counts are normalised per 100 m, the audit separates into two operational
profiles: a stable lower-obstruction profile (31 sides) and a heterogeneous higher-obstruction
profile (21 sides). Normative accessibility, bulky waste, and structural defects distinguish
the profiles most strongly (27.3%, 22.6%, and 15.9% of attribution), with threshold-like
effects at about 4-6 accessibility deficits, 1-1.6 bulky-waste items, and 2.5-3.5 structural
defects per 100 m. Illegal parking, prominent in raw counts, becomes secondary after
normalisation, and street furniture carries little weight. The SHAP ordering closely matches
the simpler univariate ordering (Spearman p = 0.98). Normative accessibility leads under
every robustness check, whereas the order of the second-tier families depends on the
number of profiles; the ordering is an internal ranking that should be confirmed against
independent evidence before it guides budget allocation.

Second, the minimal agent-based model shows that purely local avoidance can turn
accumulated obstruction into a nonlinear loss of pedestrian performance, with systematic
deterioration around 0.26-0.30 blocked-cell density and a steeper decline beyond 0.32.
These values are specific to the dimensionless model and are not field thresholds for Blida.

Third, no single cause dominates obstruction in central Blida: accessibility deficits,
waste, structural deficiencies, and informal uses all contribute. With accessibility deficits
included, physical works (49.4%) and use regulation (45.4%) carry similar shares of attribu-
tion; when only physical occupation of the sidewalk is considered, use regulation leads
(62.5%), driven by bulky-waste management and parking enforcement. Both readings
support a mixed strategy: phased accessibility compliance, systematic waste collection,
targeted structural repair, parking enforcement and negotiated management of commercial
uses (Table 9).

Future research should pursue four directions: (i) a blind re-coding of the photo-
graphic record by a second coder to measure inter-rater reliability; (ii) normalisation by
sidewalk area or effective clear width, and extension of the audit to other districts and
cities; (iii) validation of the obstruction profiles and of the internal priority ranking against
an independent outcome, such as observed pedestrian behaviour or expert ratings; and
(iv) calibration of the agent-based model with measured sidewalk widths, obstacle foot-
prints and pedestrian flows, followed by before-and-after evaluation of interventions.
Within its present scope, the study provides a reproducible, low-data route from a detailed
sidewalk audit to an interpretable hierarchy of intervention needs, and thereby supports
municipalities in making sidewalks safer, more inclusive and more sustainable.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/su182111253 /51, File S1: Obstacles_Blida_densites_100m_Orange_v2.xIsx
(audit data: raw counts, occurrences per 100 m and street-unit lengths for the 52 street-unit sides); File
52: Troncons_Blida.gpkg (digitised street-unit centrelines, WGS 84/UTM zone 31N); File S3: analy-
ses_reviewers_Blida_v2.R (k-means partitioning, internal indices, gap statistic, street-unit bootstrap, ran-
dom forest with grouped validation and TreeSHAP attribution); File S4: analyses_coherence_Blida_v2.R
(descriptive statistics, principal component analysis, decision tree, hierarchical clustering, multidimen-
sional scaling and silhouette analysis); File S5: robustness_checks_Blida.R (robustness of the family
ordering, Appendix D); File S6: heure_passage_Blida.R (analysis of recorded visit times, Section 4.5).
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Appendix A. Model Specification

This appendix consolidates the specification of the agent-based model introduced in
Section 2.5.

Appendix A.1. Purpose and Status

The model tests whether a nonlinear relationship between blocked-cell density and
pedestrian performance can emerge from purely local avoidance behaviour without im-
posing an aggregate density—throughput function. It is a mechanism-oriented exploratory
model, not a predictive model of pedestrian flow in Blida and not a calibration of the sam-
pled street geometry. Its supported claim is qualitative—nonlinear degradation can emerge
under the stated rules—whereas the numerical location of the transition is model-specific.

Appendix A.2. Entities and Scales

Two entity types are represented. Patches form a rectangular lattice of 75 x 6 = 450 cells
representing a sidewalk corridor running alongside a carriageway; each patch is either free
or obstructed. Agents represent pedestrians and hold a position and a direction of travel
toward the corridor exit; they have no memory, no route planning beyond the next cell, and
no representation of other agents’ intentions.

The lattice is dimensionless. One cell is a unit of occupancy rather than a calibrated
area, so obstacle density is the proportion of the 450 cells that are obstructed, not a mea-
surement in obstacles per square metre. One tick is one movement opportunity per agent;
no real-time equivalent is claimed. Each run lasts 2000 ticks.

Appendix A.3. Process and Rules

At each tick, agents are injected at the entry row at a constant rate that does not
saturate the corridor at density zero (Section 2.5); each active agent executes the movement
rule below, and agents reaching the exit row are removed.

The movement rule is executed in three ordered attempts. First, the agent tries to
advance one cell toward the exit. Failing that, it tries to step diagonally forward past
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the blocking cell or agent. Failing that, it shuffles one cell sideways. If all three attempts
fail, the agent remains in place, and a blocking event is recorded. A cell occupied by an
obstacle or by another agent cannot be entered; this mutual exclusion is the only interaction
between agents.

Obstacle positions are drawn at random at initialisation, subject to the density param-
eter, and remain fixed for the duration of a run. The density parameter was swept from 0
to 0.40 in steps of 0.02, with 20 independent replications at each level, giving 420 runs.

Appendix A.4. Outputs

Throughput is the number of agents crossing the exit boundary per tick, averaged over
the run and normalised by the value obtained at density zero. Effective speed is the mean
forward displacement per agent per tick, normalised in the same way. Blocking events are
counted as described above. Mean crossing time was logged but is not used in the analysis,
because at high density it is biased downward: only agents on the least obstructed paths
ever complete the corridor.

Appendix A.5. Verification and Known Limits

At density zero, all agents traverse the corridor without blocking events, and that
run defines the free-flow normalisation. Small excursions above 100% in Table 8 reflect
replication noise at twenty replications per level. The flat low-density region depends
partly on the sub-saturating injection regime, and the model is not mapped onto audit
occurrence counts (Section 2.5). Accordingly, the transition region is a model-specific
qualitative landmark rather than a metric standard or a field threshold.

Appendix B. Supervised Summarisation of the Partition

This appendix reports the confusion matrix of the random forest whose validation
metrics are given in Table 7.

Random-Forest Reconstruction

Accuracy, ROC AUC, F1, and the Matthews correlation coefficient were examined
under the three validation schemes described in Section 2.3 [77-79].

Table Al gives the confusion matrix under grouped cross-validation. Under leave-
one-street-unit-out, 45 of the 52 sides are reconstructed (C1: 28 of 31; C2: 17 of 21); five
of the seven errors involve transitional sides identified by the silhouette analysis: four
of the seven negative-silhouette C2 sides (R3_S3-D, R8_S1-D, R8_S3-D, R8_S3-G) and the
lowest-silhouette C1 side (R3_54-G).

Table Al. Confusion matrix of the random forest under five-fold cross-validation grouped by street
unit (mean counts over 20 repetitions).

Observed/Predicted Predicted C1 Predicted C2 Total
Observed C1 28.2 2.8 31
Observed C2 24 18.6 21
Total 30.6 214 52

Appendix C. Raw Counts and Occurrences per 100 m

Table A2 cross-tabulates the raw-count and per-100 m partitions compared in
Section 3.2. Re-running k-means on raw counts gives the 34/18 partition reported in the
original submission (silhouette 0.398 on standardised variables).
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Table A2. Cross-tabulation of the raw-count and per-100 m two-profile partitions (52 street-unit sides).

Raw Counts/per

100 m C1 (per 100 m) C2 (per 100 m) Total
C1 (raw counts) 24 10 34
C2 (raw counts) 7 11 18

Total 31 21 52

Appendix D. Robustness of the Family Ordering

Table A3 compares the internal ordering of the eight families under the two-profile
and four-profile k-means solutions and reports its stability under grouped resampling. Both
orderings use the random-forest and TreeSHAP settings of Table 6 (100 trees, maximum
depth 15, minimum node size 5; seeds 0-99); the two-profile values reproduce Table 6 to
within 0.1 percentage points. Because exact TreeSHAP for ranger forests is available for
two-class models only, the four-profile ordering sums the mean absolute SHAP values of
four one-versus-rest forests, one per profile. The grouped-resampling column refits the
random forest within each training set of the five-fold cross-validation grouped by street
unit (20 repetitions, 100 fits) and records how often each family ranks among the three
leading families.

Under the four-profile solution, normative accessibility remains first, but street fur-
niture and illegal parking rise to second and third place. The four profiles comprise a
low-obstruction group (22 sides), an intermediate group (18 sides), a small group with
high street-furniture and construction-site densities (5 sides), and a dense core (7 sides).
Street furniture and construction sites therefore gain weight because they define the small
group, not because they distinguish lower- from higher-obstruction sides. The rank corre-
lation between the two orderings is 0.69, and the median rank correlation between each
grouped-resampling fit and the full-sample ordering is 0.95 (range 0.67-1.00).

To assess the influence of survey timing, k-means was repeated on the five time-
insensitive families only (structural defects, street furniture, normative accessibility, natural
obstacles, and construction sites). This partition assigns 46 of the 52 street-unit sides
(88%) to the same profile as the main partition (adjusted Rand index = 0.58), and within it
normative accessibility (47.3%) and structural defects (26.5%) remain the leading families,
ahead of street furniture (12.3%), natural obstacles (8.7%), and construction sites (5.2%).

Table A3. Mean absolute SHAP attribution (%) of the eight obstacle families under the two-profile
and four-profile solutions (rank in brackets), and percentage of grouped-resampling fits in which
each family ranks among the three leading families.

Obstacle Family Two Profiles, k =2 Four Profiles, k = 4 Top Three, Grouped Folds (%)
X3 Normative accessibility 27.3 (1) 21.5(1) 100
X6 Bulky waste 22.6 (2) 11.2 (4) 99
X1 Structural defects 15.8 (3) 10.4 (6) 65
X5 Illegal parking 14.9 (4) 16.0 (3) 34
X2 Street furniture 6.3 (5) 18.7 (2) 0
X4 Commercial occupation 5.4 (6) 10.7 (5) 0
X7 Natural obstacles 5.1(7) 44 (8) 2
X8 Construction sites 2.6 (8) 71(7) 0
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