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ABSTRACT

The existence of strong correlations between pedestrian flows and Space Syntax metrics, whether in
form of Axial Analysis (AA), Angular Segment Analysis (ASA), or Visibility Graph Analysis (VGA), has
been extensively discussed. While AA and ASA tend to perform these estimations well, at both
architectural and urban scales, critical aspects emerge in the VGA, especially when applied to micro-
urban scales. Those can be summarized in the grids’ non-randomness and their spacing, the impact of
variations in altitude and the heavy computational workloads required to model visual fields’
relationships in larger areas. Still, VGA is a valuable resource to micro-urban analyses, as it depicts
details within areas characterized by wide open spaces or higher morphological complexity that are
beyond line-based models’ capabilities, potentially enabling more precise insights into local movement
logics. Considering this, the paper proposes an initial methodological discussion on the methods for
estimating pedestrian flows at micro-urban scales, comparing different environment extensions,
techniques, metrics, and extraction methods. Tests are performed within a 10.000m? historical district
at Pisa, Italy, which aligns with the spatial and morphological characteristics deemed suitable to VGA.
Using spatial statistics, measures associated to pedestrian flows are correlated to observed pedestrian
traffic passing through 10 gates in a span of three days to highlight what measure gives a better
response. This research encourages the exploration of VGA within micro-urban contexts and can be
useful to enable a finer-grained comprehension of social logics in space, as many VGA measures seem
to be suitable to comprehend pedestrian flows hierarchies.

KEYWORDS
Micro-urban scale analysis, Pedestrian Flows, Visibility Graph Analysis, Isovist-based metrics, Spatial
Correlations.
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1 INTRODUCTION

Space Syntax has demonstrated excellent capabilities in estimating both to-movement and through-
movement across various scales, proving to be an inherently multiscalar tool. Its applications span
from the supra-regional scale, estimating vehicular flows (Hillier et al 2007, Turner 2009, Altafini Cutini
2022), to the urban and neighbourhood scale (Hillier lida 2005, Van Nes Yamu 2021, Baran et al 2008,
Van Nes Lopez 2007, Lopez Van Nes 2007), down to the architectural scale (Hillier et al 1993, Turner
Penn 2002) by estimating pedestrian natural movement (Sharmin Kamruzzaman 2018, Lopez Baeza et
al 2021).

In particular, regarding the estimation of pedestrian behaviour, various techniques have been
employed over time, which have demonstrated strong correlations—reaching peaks ranging between
50% and 80%—with pedestrian movement variance (Penn Turner 2002, Hillier et al 1993, Jiang 2009,
Penn et al 1998). Choice, integration, and connectivity metrics have demonstrated the most robust
correlations with pedestrian movement, as highlighted by Sharmin Kamruzzaman (2018), indicating a
significant association with street network properties (Jiang 2009). Sharmin and Kamruzzaman's
(2018) review explores the most robust correlations between various analytical techniques (Axial
Analysis and Angular Segment Analysis) by using a quantitative approach. From this review emerges
that ASA yield superior correlations, confirming the findings of Hillier and Ida (2005) and Turner (2007).
The latter, in particular, introduces the potential of the Road-Centre Line (RCL) base as an alternative
to the traditional axial map. It is noteworthy how ASA has proven particularly suitable for estimating
pedestrian movement across various scales of analysis — from urban and neighbourhood scales to
micro-urban and architectural scales — through the utilization of both axial maps and ASA RCL-based
maps.

Meanwhile, the Visibility Graph Analysis (VGA) has proven to be functional in exploring
dynamics at the neighbourhood, micro-urban, and architectural scales, due to its higher granularity
and reliability in estimating pedestrian movement (Turner Doxa Sullivan Penn 2001, Penn Turner 2002,
Lopez Baeza et al 2021), with the added potential to investigate otherwise undetectable metrics (see
Koutsolampros 2019 for a review).

Therefore, while AA and ASA perform these estimations well at different scales, some critical
aspects of VGA emerge, especially in analysing urban scales scenarios. These issues are represented
by: the impact of grid spacing and the non-randomness of the grid (Dalton et al 2022) — which incur in
differences in depth among analyses and in analysis strictly related to the vertices grid —; the impact
of variations in altitude — a shared trait with the Axial Analysis: variations in altitude can distort the
fields-of-view, thus affecting significantly small scales analyses, which require a more granular and
precise overview —; and the heavy computational workloads required to calculate the visual field
relationships among high amount of vertices in large areas, which limits the granularity of the visual

fields. Nevertheless, VGA represents a valuable resource to micro-urban analyses, as it allows to depict
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details within areas characterized by wide open spaces, higher morphological complexity that, more
than often, are set beyond the line-based models capabilities, potentially enabling more precise
insights into movement logics at such scales (Lopez Baeza et al 2021).

At the neighbourhood and micro-urban scale, there appears to be a potential overlap in the
analysis techniques applicable to investigating pedestrian behaviour. These investigations, in
particular, may prove important for exploring social phenomena in the context of criminal dynamics
(Hillier Sahbaz 2012, Van Nes et al 2016, Summers Johnson 2017, Nubani Wineman 2005, Nubani
Wineman 2022, Mara Cutini 2023), and it is intriguing to understand the type of response and accuracy
that each technique can provide in estimating pedestrian movement and behaviour. This calls for
more studies to corroborate the limitations of AA and ASA abstractions for open spaces at
neighbourhood and micro-urban scales, as well as to recognise the issues or potentials for
improvement in VGA.

With these challenges in mind, this paper proposes a discussion by comparing different
methods for estimating pedestrian flows at micro-urban scales. In particular, we compare different
environment extensions, techniques, metrics, and extraction methods, analysing their impact in the
search for correlation with the actual flows. In accordance with the stated objectives, the paper is
organized as follows: Section 2 introduces the case study, datasets, and the methodology utilized,
encompassing analysis techniques, adopted SS metrics, the methodology for extracting such metrics,
and the size of the analysed environment. Section 3 delves into a comprehensive discussion of the
results. Lastly, Section 4 presents the conclusions along with the main findings and suggestions for

further developments.

2 DATASETS AND METHODS

2.1 Case Study — the historical centre of Pisa, Italy

The case study is located within the historical centre of Pisa, Italy. The city is characterized by a vibrant
university community that populates the historic centre. There, numerous historical buildings are
dedicated to university centres or student residences. Moreover, tourism serves as a pivotal economic
driver, with notable attractions such as the renowned Piazza dei Miracoli and its iconic leaning tower
drawing visitors from afar. The focus of our investigation lies in a central area of the historical centre,
accessible exclusively to pedestrians.

This area is composed of Piazza delle Vettovaglie, Largo Sant’‘Omobono, and the streets leading
to it. The medieval conception of this area offers a unique and irregular spatial configuration, with
abrupt transitions from wide open spaces with great visibility, to the self-referential square, to the
narrow and winding connecting streets that reveal glimpses of tower houses and historical buildings.
This generates very different environmental conditions and perceptions of space, even within a few

dozen metres. Given its location in the heart of the historic centre, this area is traversed and inhabited
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reflecting the area's particular transformation. In the early morning on workdays, a small local market

nightlife hub, especially on weekends.
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Figure 1. Configuration of the study area, gates location and buffer considered for spatial correlations.
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Furthermore, data regarding the pedestrian flows were collected by counting the number of
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Sunday (21.05.23). Specifically, a manual remote count was performed on pedestrians going in and
out through 10 gates (see fig.1), which essentially represent all access points to the area, except for
gate number 10. In this manner, the aggregated number of people entering and exiting through each
gate was recorded every 24 hours, for a total of 30 observations (see Table 3). The counting process
involved reviewing surveillance camera footage from the Polizia Municipale, as automatic counting
through the use of computerized systems was not feasible due to privacy concerns. Nevertheless, this
manual counting process enabled the footage to be slowed down during peak traffic times, facilitating

accurate counting.

2.3 Methodology

As mentioned, the study aims to compare the gates hierarchy in terms of real flow with the gate
hierarchy in terms of configurational metrics potentially related to movement. To conduct these
analysis, four variables were considered: 1) environment extent, 1l) analysis technique, Ill) analysis

metrics, IV) extraction technique (see figure 2).

ENVIRONMENT TECHNIQUE METRICS EXTRACTION

Choice, Choice (norm),
Connectivity, Integration (HH),

Axial Analysis (AA) / Mean Depth, Relative
Asymmetry, Total Depth

Municipal
Angular S Angular Connectivity, Sum
ngular Segment Connectivity, NACH, NAIN,
Analysis (ASA) T1024 Choice, T1024
Urban

Integration, 71024 Total Depth

Road-Centre Line
(ASA-RCL) Connectivity, Isovist (Area,

Micro Drift Angle, Max radial, Min
(0.375 grid) radial, Occlusivity), Point First
moment, Point Second
isibili moment, Through Vision,
Vistllty Grapn / Visual (Clustering coefficient ,
Analysis (VGA) Control, Controllability,

Entropy, Integration, Mean
Depth, Relativised entropy)

Figure 2. Scheme of the variables tested: I) environment extensions, 1) analysis techniques, Ill) metrics, and IV)
extraction approach.

2.3.1 Environment extension

Three environment extensions were selected. The first, corresponding to the urban space within the
historic walls, covering approximately 2.6km?, referred to as the 'urban' environment. The second,
with a more limited area of approximately 24,800m? (157.5m*157.5m), labelled as the 'micro'

environment. Additionally, for the ASA and RCL analysis (as detailed below), the entire municipal area

of Pisa was also considered as the starting grid, termed the 'municipal’ environment.

2.3.2 SS Analysis techniques and configurational metrics selection and extraction
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grids used for the analysis at the ‘micro’ scale are depicted in Figure 3.
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meters grid for the micro environment; even though further reductions from 0.375 to 0.2 were
possible, the computational workloads proven themselves as rather prohibitive.

Both urban and micro environment extensions were considered for each of the 4 analysis
techniques, except for ASA RCL, which has three, since it was also computed also at the municipal scale
(Figure 2). The analyses considered 4 topological radii (Rn, R3, R5, and R7) for all three scales, but the
micro-urban (Piazza della Vettovaglie — Figure 3). The variables used in each technique are

summarized in Table 1.

Table 1. Metrics calculated for each of the investigated configurational analysis technique, in grey.

Metric AA ASA ASA-RCL VGA

Angular Connectivity
Choice
Choice (norm)
Connectivity
Integration (HH)
Isovist Area
Isovist Compactiveness
Isovist Drift Angle
Isovist Drift Magnitude
Isovist Max. Radial
Isovist Min. Radial
Isovist Occlusivity
Isovist Perimeter
Line Length
Mean Depth
NACH
NAIN
Node Count
Point First Moment
Point Second Moment
Relative Asymmetry
Segment Length
T1024 Choice
T1024 Integration
Through Vision
Total Depth
Visual Clustering Coefficient
Visual Control
Visual Controllability
Visual Entropy
Visual Integration (HH)
Visual Integration (P-Value)
Visual Integration (Tekl)
Visual Mean Depth
Visual Relativised Entropy

2.3.3 Approach for extracting the configurational metrics
The same approach for all the analysis techniques was adopted to associate the Space Syntax
configurational metrics to the gates. From each gate, a buffer radius of 10 meters was established to

determine a general field-of-view (FOV). Then, this FOV was clipped in relation to the visual
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obstructions (buildings), establishing a restricted FOV (Figure 1), to which configurational metrics were
associated as sum, median and mean values, subsequently used for correlations and descriptive
statistics.

2.3.4 Statistical Analysis of Pedestrian Data

In order to robustly analyse pedestrian flows within the micro-urban context of Pisa, a series of
statistical methods were employed to both summarize the dataset and to reveal patterns in pedestrian
movement. We initiated our investigation by calculating fundamental descriptive statistics, such as
means, standard deviations, and quartiles. These are essential to delineating the central tendencies
and dispersions within pedestrian counts across varied gates and time frames, providing a foundation
for discerning the distribution of pedestrian traffic and pinpointing distinctive trends or outliers. For
the identification of outliers, which might skew our analysis, the Interquartile Range (IQR) method was
employed. This approach is esteemed for its robustness, designating outliers as those data points
existing beyond 1.5 times the IQR from the quartiles, thereby facilitating a more precise appraisal of
pedestrian patterns. Advancing this foundational analysis, the study investigated the relationships
between pedestrian counts and spatial metrics utilizing Pearson correlation analysis. This method
measures the linear association between two continuous variables, with correlation coefficients
ranging from -1 (indicating a perfect negative correlation) to +1 (indicating a perfect positive
correlation), and values nearing 0 implying no linear correlation (Stigler 1989). This analysis is
instrumental in identifying spatial metrics that exhibit significant associations with pedestrian flows,
thereby vyielding insights into the spatial determinants influencing pedestrian behaviour. In the
expanded dataset used for analysis, which encapsulates data gathered over three distinct days, the
dynamic temporal effects were captured, thus augmenting the reliability of the resultant correlations.
All statistical analyses were conducted with Python, a programming language lauded for its potent
libraries suitable for data analysis. Utilizing libraries such as Pandas for data manipulation and SciPy
for executing statistical functions, we confirmed the assumptions of normality and linearity via
appropriate tests prior to the Pearson correlation analysis. Configuration settings for the Pearson
correlation included parameters for computing a 95% confidence interval, facilitating the precise
computation of correlation coefficients and ensuring the replicability and reliability of our findings.
The integration of pedestrian counts collected under the same gate number with space syntax metrics
—9 datasets: micro and urban AA, ASA, ASA RCL, VGA and municipal ASA RCL — into a cohesive dataset
is a novel approach that extends the scope of analysis. This integration not only captures the dynamic
effects of time on pedestrian behaviour but also offers a methodological enhancement, enabling a
comprehensive evaluation of time-related variables, such as seasonal effects, special events, or
variations across different days of the week. This methodological strategy substantially refines the
accuracy and generalizability of the correlation analysis, permitting a deeper understanding of the
interplay between pedestrian mobility and space syntax. Conclusively, the application of Pearson

correlation analysis in this study underscores the method's efficacy in quantitatively evaluating the
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interactions between space syntax measures and pedestrian counts, thereby emphasizing the

significance of such data in spatial analysis.

3  RESULTS AND DISCUSSION

This section traces the development of the work. Firstly, the dataset related to pedestrian flow is
elaborated and discussed. In particular, variations in people count between the studied days and
among different gates are analysed, attempting to quantitatively examine how the flows distribute in
the area. Subsequently, the study shifts to the analysis of correlations with the extracted SS values,
through the comparison of environment extents, analyses, metrics, and extractions adopted. This has
been done to understand which methodologies and metrics offer the best correlations at this scale,

with careful considerations of VGA due to its use at a non-architectural scale.

3.1 Pedestrian count analysis and descriptive statistics

From the analysis of the distribution of pedestrian counts data, flows emerge as heterogeneous among

gates. From a total of 30 observations (3 days, 10 gates), the average count stands at approximately

3,333.80 people. The data exhibits a standard deviation of 3,921.96, indicating variability in the counts.
The smallest recorded people count is 210, while the highest reaches 16,964. When examining

the data's quartiles, the first quartile (Q1) is at 893.25 people, the median (or the second quartile) is

at 1,853 people, and the third quartile (Q3) is at 4,133 people. These quartiles provide a clearer view

of the data's spread and central tendency (Table 2).

Table 2. Descriptive statistics of pedestrian flows

Statistic Value
Count 30
Mean 3,333.80
Standard Deviation 3,921.96
Minimum 210
1st Quartile (Q1) 893.25
Median 1,853
3rd Quartile (Q3) 4,133
Maximum 16,964

To determine the outliers in the "People Count" column, the Interquartile Range (IQR) method was

utilized (Tukey 1977). In this approach:

1. ThelQRis calculated as the difference between the third quartile (Q3) and the first
quartile (Q1).

2. The lower bound is defined as Q1-1.5xIQRQ

3. The upper bound is defined as Q3+1.5xIQRQ

Values outside of these bounds are considered outliers. Based on this method, four outliers were
identified in the dataset (Table 3, Figure 4):

e On Wednesday at gate 8: 10,788 people
e On Friday at gate 2: 9,172 people

Interpreting the configuration of micro-urban environments: Line-based Analyses vs. Visibility Graph Analyses
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e  On Friday at gate 8: 16,964 people
e On Sunday at gate 8: 9,008 people

These values are notably higher compared to the other observations. This is due to the existence of

preferential paths by pedestrians, as qualitatively appreciated from numerous on field observations.

From Borgo Largo, the main street on the right (Figure 1), pedestrians pour into Piazza della

Vettovaglie by crossing gate 8, which indeed appears as an outlier for each day. Similarly, gate 2 also

appears particularly busy, especially with students crossing the area on Wednesday and Friday (Table

3).

Table 3. People count by gate and day.

Gates
1 2 3 4 5 6 7 8 9 10
D | WED | 3,143 8,451 582 936 484 2,331 2,487| 10,788 1,567 515
A FRI 6,045 9,172 906 1,365 1,001 4,463 2,240| 16,964 1,983 889
Y | SUN | 2,359 5,214 555 726 528 2,195 1,723 9,008 1,184 210
People Count by Gate and Day
17500 =
—— Wednesday
—— Friday
15000 —— Sunday
12500
€ 10000
S
@
g 7500
5000
2500

Figure 4. People count by gate and day.
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The line chart (Figure 4) illustrates what are the variation in the pedestrian counts across different

gates, organized by days of the week. Several observations can be drawn from the chart:

Gate Variability: There's a noticeable fluctuation in the number of pedestrians across different

gates. Some gates, as in example gate 2 and gate 8, tend to consistently experience higher foot traffic

compared to others. This suggests that these gates tend to be more popular or strategically located

where more people tend to pass through.
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Day-to-Day Variation: The pedestrian traffic also varies depending on the day of the week. For
example, Fridays appear to have a surge in pedestrian counts for certain gates, which might be
attributed to specific events or weekly patterns.

Consistent patterns vs. outliers: While there's variability, most of the gates tend to maintain a
somewhat consistent number of pedestrians irrespective of the day, indicating a steady flow of people
using these gates daily. Nevertheless, there are some days (such as Friday) and gates (such as 2 and 8)
with exceptionally high pedestrian counts. Those can be associated with working routines or the night-
time activities taking place in the square, to be investigated in further studies.

Overall, decoding these patterns can be important for local policies that require controlling or
that are dependent on pedestrian flows, planning maintenance services, or scheduling events around

these areas.

3.2 Pedestrian count analysis and descriptive statistics

The top ten SS measures associated with pedestrian movement among all the 9 datasets are
examined. To find the most observed variable in the top 10, we counted the number of times the
variables in each table occur and identified the variable with the highest frequency. Table 4 shows the
most frequent measures detected among all 9 datasets.

By examining Table 4, we observe that, for example, the "Connectivity_mean" variable appears
5 times in the top 10 correlation values. This could suggest that the "Connectivity_mean" variable
exhibits a significant correlation across most of the 9 datasets examined. Similarly, choice measures
also show high frequency. However, considering the best 10 measures might create a
misunderstanding, as significant quantities could be selected but not necessarily with the highest
correlation indices. Additionally, some quantities, such as connectivity, are statistically favoured as
they appear in many analysis techniques. For these reasons, the ratio (frequency/n. time calculated)

was calculated, according to which Table 4 is ranked.

Table 4. Frequencies of the 10 best correlated measures in the 9 datasets.

Variable Frequency N of times calculated Ratio (Frequency/n.times)
Point_Second_Moment_sum 2 2 1,00
Choice_Norm__sum 2 2 1,00
T1024_Choice_R500_metric_sum 2 2 1,00
Choice_sum 2 2 1,00
Point_Second_Moment_mean 2 2 1,00
Point_First_ Moment_sum 2 2 1,00
Through_vision_sum 2 2 1,00
Point_First_Moment_mean 2 2 1,00
Through_vision_mean 2 2 1,00
Isovist_Area_mean 2 2 1,00
NACH_R7_mean 2 3 0,66
NACH_R7_median 2 3 0,66
T1024_Choice_sum 3 5 0,60

Interpreting the configuration of micro-urban environments: Line-based Analyses vs. Visibility Graph Analyses
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Connectivity_mean 5 9 0,55
T1024_Choice_mean 2 5 0,40
T1024_Integration_median 2 5 0,40
NACH_sum 2 5 0,40
Connectivity_sum 2 9 0,22

The cluster of the most 5 correlated measures across the datasets was also considered (Table
5). This visualization confirmed that connectivity often achieves a good correlation score but
frequently does not rank among the best, unlike measures related to betweenness, which tend to be
among the most prominent. However, this is just a side result, which largely confirms existing
literature studies. Our main goal is to understand the different correlations obtained when varying the

considered variables. The following paragraph delves into this topic in depth.

Table 5. Frequencies of the 5 best correlated measures overall, considering the 9 datasets.

Variable Frequency
T1024_Choice_sum 3

Point_Second_Moment_sum
T1024_Choice_R500_metric_sum
Connectivity_mean
NACH_R7_mean

2
2
2
2

In Figure 5, the histograms show the distribution of correlation coefficients between variables
in each data set. The histograms of each dataset reveal varied correlation distributions with unique
skewness characteristics.

Micro AA and urban AA both exhibit a limited number of modes and a negative skew, indicating
that the bulk of the data is concentrated on the right, but with micro AA having a broader distribution.
Urban AA measures reach higher correlations (more than 0.8), and also the preceding bar of the
histogram highlights how urban AA has many measures with a high correlation. Moreover, urban AA
reaches the highest negative correlation values among all the analysis.

Micro ASA stands out with very prominent modes and significant negative skewness, implying
a strong concentration of specific correlation values towards the higher end, with a longer tail
extending towards lower values. Similarly, urban ASA presents several modes with a negative skew,
indicating more values clustered at the higher end. ASA, for both the environment, don’t reach a 0.8
correlation value, reached instead by the local ASA RCL despite of the low number of measures
calculated at this scale (no local radii were calculated). In general, micro RCL has few modes and a
slight negative skew, suggesting a subtle concentration of higher values. Urban ASA RCL’s almost
symmetric distribution indicates an even spread of values on both sides of the mean, with closely
aligned mean and median values. Municipal ASA RCL is characterized by numerous modes with a
relatively symmetric distribution and a narrower spread of values, indicating an equal balance of

correlation values on both sides of the mean.

Interpreting the configuration of micro-urban environments: Line-based Analyses vs. Visibility Graph Analyses
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Urban VGA shows avariety of relationships, with some variables being more strongly correlated
than others. The presence of multiple modes suggests complex interactions between the variables,
rather than a single, unified pattern of correlation. The slight negative skewness could mean that there
are some pairs of variables with a moderately negative correlation, but the majority of the correlations
are positive or near zero. Micro VGA, characterized by two distinct peaks and a notable negative skew,
suggests a concentration of values in the negative range, with a longer tail on the left side. The slight
negative skew indicates that there are fewer instances of strong negative correlations compared to
positive ones. The presence of bimodal peaks might suggest that there are two dominant types of
relationships within the variables in the dataset. Micro VGA has also higher frequency of strong
positive correlations than other datasets. In particular, micro VGA reaches both high positive (more
than 0.8) and high negative (more than 0.5) correlation values.

However, these histograms are not informative in a comparative logic, given the different
number and types of measures that have been calculated with each type of analysis. On the other
hand, they effectively quantify the correlation between the measurements and the flow, revealing the

variability and concentration of these relationships.
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Figure 5. Histograms depicting datasets for all used techniques in all scales.

Figure 6 presents the correlation of Space Syntax metrics with pedestrian count, for each
analysis technique (rows) and environment extension (columns), except for the municipal ASA RCL
(alone in the last row). The correlations are illustrated using a threshold value of 0.4 for positive values
and 0.6 for negative values to represent significant variables.

Overall, both AA and ASA yield a higher number of measures achieving a good positive
correlation (>0.6) through the urban environment extension compared to the micro environment
extension. However, this result is influenced by the greater number of measures calculated at the

urban scale (various metric and topological radii, see Section 3). Nevertheless, this trend is maintained
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for negative correlation only by AA, while for ASA, the number of measurements with appreciable
correlation is equivalent, albeit much lower than the positive one (>0.4). In the case of ASA RCL, the
trend is confirmed — 6, 4, and 3 measures positively correlated with the flow respectively for municipal,
urban, and micro environment extensions — while only ASA RCL micro is able to achieve good negative
correlations. Conversely, VGA reverses this trend. In fact, VGA micro is able to obtain both a greater
number of good positive correlations —21 measures positively correlated with pedestrian flow with a
threshold of 0.6 — and negative correlations compared to urban VGA. This result appears to be quite
significant, especially considering the calculation of the exact same measures on both environment
extensions.

Another significant aspect emerges from the analysis of the measures. Choice confirms itself as
a very good movement estimation metric, being the most frequently present measure among those
positively correlated with pedestrian movement with significant value (> 0.6). Specifically, concerning
axial and segment analysis, Choice measures are present 9 out of 9 times when calculated on the micro
environment, and still present 27 out of 47 times when calculated on the urban grid extension. On the
contrary, Choice measures are not that frequent in the case of urban ASA: Integration ranks first with
11 out of 23 occurrences, followed by Choice with 8 out of 23, and then Connectivity and Depth with
2 out of 23 respectively. However, still for ASA, the first two measures to provide the best positive
correlation are Choice measures (Choice_sum and Choice_mean). The situation is more varied for
VGA, which offers a significant number of measures positively correlated with pedestrian flow: as
already said, 21 with correlation greater than 0.6, but 12 with correlations greater than 0.7, and 4 with
correlations greater than 0.8. Micro VGA proves to be the second analysis technique with a higher
number of measures positively correlated with pedestrian flow significantly (> 0.6) with 21 measures,
preceded by urban ASA with 23 and followed by urban AA with 20 measures. Regarding negative
correlation, the most prevalent measure across the datasets is Depth (mean or total), present 15 out

of 21 times.
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Figure 6. The Histograms with the best correlated measures for all the datasets: 0.6 positive threshold and 0.4

negative threshold.
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In Figures 7 and 8, the heatmap provided illustrates the correlation coefficients between
pedestrian count and a variety of measures across nine distinct datasets. Correlation is a statistical
measure that quantifies the degree and direction of the relationship between two variables. The
coefficients range from -1 to 1, where values near 1 or -1 indicate a strong relationship, and values
close to 0 suggest a weak relationship. Positive values indicate a direct correlation, while negative
values denote an inverse correlation. Figure 7 presents positive correlations, indicating that as
pedestrian counts increase, the associated measures also tend to increase. Figure 8 presents negative
correlations instead.

Top 5 Positive Correlation Values

Angular_Connectivity_mean -
Choice_Norm_R5_mean
Choice_Norm_R5_sum

Choice_Norm__median - 0.63
Choice_Norm__sum - 0.73

Choice_R3_mean
Choice_R3_sum

Choice_R500_sum - 0.62 0.62
Choice_R5_mean - 0.72
Choice_R5_median - 0.62 0.80
Choice_R5_sum 0.76
Choice_R7_mean - 0.69
Choice_R7_sum - 0.72 0.75

Choice_mean - 0.72

Choice_median - 0.63 0.65

Choice_sum - 0.73 0.76 0.68
Connectivity_mean - 0.55
Integration_median - - 0.65
Isovist_Area_mean - 0.78
NACH_R3_mean - e
NACH_R5_mean - 0.72
NACH_R5_median - 0.62
NACH_R7_mean - 0.69 0.61 0.55

NACH_mean -
NACH_median -

NACH_sum - 0.68 0.50

NAIN_R3_mean - 0.67

NAIN_R3_median - 0.74
Point_First_Moment_mean -

-0.70

Measures

- 0.60

Point_First_ Moment_sum -
Point_Second_Moment_mean -
Point_Second_Moment_sum -
Through_vision_mean -
Through_vision_sum -

Analysis Techniques

Figure 7. The top 5 positive correlation values for all dataset.

In Figure 7, it can be observed that among all the line-based analysis, namely AA, ASA, and RCL
ASA, the measure with the highest degree of correlation is a Choice measure: Choice_Norm_R5_mean
for urban AA (+0.81), Choice_sum for micro AA (+0.73), Choice_sum for urban ASA (+0.76) and micro
ASA (+0.68), NACH_R5_mean for urban ASA RCL (+0.72), Choice_sum for micro ASA RCL (+0.82),
Choice_R5_mean for municipal ASA RCL (+0.72). For VGA, however, the measures most strongly
positively correlated are Point_Second_Moment_sum (+0.78) for wurban VGA, while
Point_First_Moment_mean and Through_vision_mean (+0.82) showed the best correlation for micro
VGA. Overall, the most highly correlated values were thus found to be, with a value of 0.82,

Point_First_Moment_mean and Through_vision_mean [micro VGA] and Choice_sum [micro ASA RCL].
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It is interesting to note that correlation values greater than 0.75 were obtained only from analyses
performed on a micro environment extension or, alternatively, from local measures calculated on the
urban environment extension.

Regarding negative correlation (Figure 8), less significant values were found. The
Mean_Depth_R5_mean AA urban emerges as the most strongly correlated measure (-0.75). However,
a similar trend to that observed in positive correlation is reproduced: higher correlations (exceeding -
0.4) are found either in analyses conducted on a micro-extended environment or, alternatively, on
local measures calculated on an urban-extended environment. Concerning negative correlations as
well, micro VGA proves to be highly effective, albeit with values much lower than the peak reached by
the AA urban Mean_Depth_R5.

Top 5 Negative Correlation Values
Mean_Depth_R3_mean - -0.46

Mean_Depth_R5_mean
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Mean_Depth_median - -0.44
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Segment_Length_mean -
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Measures

Total_Depth_R500_median - -0.25 -0.25
--0.4
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Total_Depth_mean - -0.35 -0.32 -0.46 -0.46 06
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Total_Depth_sum - -0.20
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Figure 8. The top 5 negative correlation values for all dataset.

Lastly, Figure 9 presents the spatialization of measurements that, for each analysis technique,
have shown the strongest correlations, with a correlation value of at least 0.7, alongside the highest

negative correlation.
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4  CONCLUSIONS

This paper proposed acomparison among various methodologies for estimating pedestrian movement
at the micro-urban scale. In particular, several Space Syntax techniques and metrics have been
evaluated through the combination of different parameters to test which methodology could prove
most effective at this scale, and potentially highlight further opportunities to be explored.

The variables tested included: 1) environment extent, Il) analysis technique, 111) analysis metrics,
IV) extraction technique. The ability of SS to intercept pedestrian flows has once again emerged, with
correlation values even exceeding 0.8. It has also emerged how VGA can be an excellent tool for micro-
urban scale analysis, as it has reported the highest correlation values with pedestrian flows both at
the micro- and urban-extended environments, particularly with mean and sum values, and with

measures of Through Vision, Point First Moment, and Point Second Moment.
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Several significant aspects emerged, in particular:

Micro VGA analysis provided the best positive correlations with pedestrian movement with
two measures: Through Vision and Point First Moment. Measures such as Point Second
Moment and Isovist Area have also shown strong correlations with pedestrian movement.
Overall, in this study and with the techniques employed, VGA emerged as a highly sensitive
analysis method because it contains metrics that are highly correlated with pedestrian flow,
also its measures can be used in a prediction model to estimate pedestrian flow accurately.
VGA is the technique with the highest number of measures strongly correlated to pedestrian
flow: Through Vision, Point First Moment, Point Second Moment, Isovist Area, Connectivity.
The best correlations (above 0.75), both positive and negative, were found with analyses
conducted on micro-extended environments or, alternatively, with local analyses on urban-
extended environments.

Choice has stood out as the measure most strongly correlated with pedestrian flow regarding
line-based analyses (AA, ASA, RCL ASA), confirming literature findings.

The best correlations were found by calculating the mean or sum value. Rarely did the use of
the median value offer good correlations: only once it reported a correlation value exceeding

0.65, in the case of ASA Urban NAIN R3 (+0.74).

These results will need to be tested on additional case studies to confirm their robustness and

potential generalizability, in order to develop a shared methodology that could represent the

preferred approach for studying pedestrian movement at the urban and micro-urban scale, with

significant implications for urban planning, safety, and sustainable strategies. The aforementioned

findings represent, according to the authors, interesting initial points for further investigation. In

particular, the main directions identified are as follows:

Quantitatively assess the impact of varying the size of the environment chosen as the base
grid for conducting the various analyses and, within the constraints imposed by the
calculation software, conduct the various analyses on several environment extents;
Regarding VGA, develop methodologies to mitigate the impact of the non-randomness of the
grid, especially in the case of non-high-density vertices maps;

Test additional methods of extracting measures, such as comparing different radii for
extraction and experimenting with other approaches based on configurational theory;
Improve the dataset related to pedestrian flow, both in terms of temporal extension —
therefore, having more observation days than the three considered in this study — and in
terms of granularity — thus counting the number of pedestrians crossing a bigger number of

virtual gates in the investigated area, in addition to access and exit gates — thereby obtaining

Interpreting the configuration of micro-urban environments: Line-based Analyses vs. Visibility Graph Analyses
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additional parameters to evaluate the potential of each measure to detect pedestrian flow
and estimate movement in the urban environment;
- Finally, explore the impact of the distribution of activities and POIs on pedestrian flow,

perhaps through the use of Place Syntax or Agent-based Modelling.
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