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Abstract: Walkability has become a research topic of great concern for preserving public health,
especially in the era of the COVID-19 outbreak. Today more than ever, urban and transport policies,
constrained by social distancing measures and travel restrictions, must be conceptualized and
implemented with a particular emphasis on sustainable walkability. Most of the walkability models
apply observation and subjective methods to measure walkability, whereas few studies address
walkability based on sense perception. To fill this gap, we aim at investigating the perceived
neighbourhood walkability (PNW) based on sense perception in a neighbourhood of Brussels. We
designed a survey that integrates 22 items grouped into 5 dimensions (cleanness, visual aesthetics,
landscape and nature, feeling of pressure, feeling of safety), as well as the socio-demographic
attributes of the participants. Using various statistical methods, we show that socio-demographics
have almost no effects on perceived neighbourhood walkability. Nonetheless, we found significant
differences between groups of different educational backgrounds. Furthermore, using a binomial
regression model, we found strong associations between PNW and at least one item from each
grouping dimension. Finally, we show that based on a deep neural network for classification,
the items have good predictive capabilities (78% of classification accuracy). These findings can
help integrate sense perception into objective measurement methods of walkable environments.
Additionally, policy recommendations should be targeted based on differences of perception across
socio-demographic groups.

Keywords: perceived neighbourhood walkability (PNW); deep neural network; survey design;
Brussels; sense perception

1. Introduction

Walkability grows more interesting to encourage healthier and more active lifestyles,
while promoting active transportation [1]. Walking helps to fight against obesity, excess
weight risk, cardiovascular problems, and provides mental benefits [2]. Walking is part of a
sustainable city that can provide substantial socio-economic and environmental benefits.
Walking is a way that gives life to streets and makes urban neighbourhoods safer. Urban
planners are aware of the implications of highly walkable urban streets. Thus, trying to
figure out the determinants of walkability with a wide variety of measurement indices.

Nowadays, the diversity of travel options has reduced the importance of walking.
It is difficult to walk in large cities, whereas urban spaces allocated for pedestrians are
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insufficient. The aesthetic dimension of the city offers a better living environment [3]. In
particular, morphological and functional characteristics (e.g., parking, driveways, pave-
ments, etc.) affect the walkability of urban spaces. To promote walkability, current mobility
plans should be designed to encourage people to walk, while decision-makers should aim
to expand pedestrian areas to make cities more inclusive.

There exist a consensus on the importance of multiple factors involved in the under-
standing of walkability [4]. For instance, land-use density/diversity, street connectivity,
access to sidewalks are often integrated into most of the modelling frameworks. In contrast,
some pedestrian level-of-service measures only focus on particular factors (safety/comfort
or personal space), which may result in potential variability across geographical units if
different walkability indices are compared based on the same area [5]. Thus, looking be-
yond this opposition of views in proposing multidisciplinary approaches to understanding
walkability is required [4].

Furthermore, multiple studies about walkability were conducted at the city scale
with an emphasis on big cities, and fewer on medium/small cities or even smaller urban
environments which have their own urban dynamics, sidewalk characteristics, and inherent
safety/comfort feelings [6].

In the literature review, we describe the existing work on objective and subjective
measurements of walkable environments. Then we describe the methodological choices for
addressing the research questions, followed by the survey design and data collection. The
results are presented and discussed. The main findings are reported in the conclusions.

1.1. Objective Measurements of Walkable Environments

Objective measurements of walkability typically rely on the incorporation of land
use diversity, population density, commercial density, and intersection density variables
in the modelling framework [7]. Other additional determinants related to network den-
sity, accessibility to parks/green spaces, and accessibility to public transport have also
been considered [8]. Land use diversity measures the homogeneity/heterogeneity of an
area based on land use. A positive relationship exists between land-use diversity, walk-
ing/biking, transit trips, as studies show [9,10]. The Shannon entropy formulation [7,8] is
computed to measure land-use mix. The population density, i.e., the population in zone i
divided by its area, increases the willingness to walk and the feeling of safety [7,8].

Walking distances are short in densely populated areas [8] making access to social
services easier for low-mobility groups [7]. Furthermore, commercial entities or Points of
Interest (POI) stand as places for work, shopping, entertainment, and service purposes. If
the commercial density is important, people’s needs can be better satisfied in comparison
with areas with low commercial presence, which may encourage people to walk instead of
driving to reach distant areas [7]. In this regard, people are more likely to perform their
daily activities in areas with high commercial density.

Topological features of the network also influence the willingness to walk. For example,
the network density stands as the street lengths within an area. This index has been
incorporated in combination with the intersection density index in order to incorporate
the influence of areas with low connectivity, but long streets, which may increase the level
of accessibility [7]. The number of street intersections, e.g., street crossings, in a zone
defines the intersection density. Zones with high intersections make the environments more
walkable. Furthermore, areas with high intersection density are associated with smaller
block sizes [7], resulting in more pleasant environments for pedestrians. To compute this
index, total intersection degrees are summed over an area. For example, a typical four-
way intersection has an intersection equivalency factor of 4. Areas with access to public
transport increase the walkability of the environment [8]. This can be defined as the number
of bus/metros/tram stations in a zone. A positive correlation exists between the presence
of parks/green spaces and the willingness to walk such areas [8].

Besides, street quality is an important factor that can encourage people to walk. The
street quality is evaluated by the level-of-service (LOS) in many studies. The LOS is an
overall measure for describing existing conditions, facilities, furniture, and infrastructure
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for a variety of users, such as car drivers, transit users, cyclists, and pedestrians [11,12].
Pedestrian level-of-service (PLOS) is widely used to estimate the quality of street conditions
for pedestrians. Capacity-based models and roadway characteristic-based models are two
types of current PLOS methods. Fruin [13] developed the first version of PLOS that was
based on sidewalk capacity and pedestrian volume. Capacity, volume, and speed are also
considered by PLOS in the Highway Capacity Manual. The main issue concerning the
HCM method is that it treats pedestrians the same as vehicles, without considering the
specific needs of pedestrians such as qualitative street dimensions, facilities, and furniture.

Some PLOS studies focused on pedestrian flow, volume, and sidewalk capacity [14].
Other PLOS studies were sensitive to safety indicators, such as vehicle speed and volume
and buffers from traffic [15]. Some studies considered convenience facilities, such as
pedestrian-scale lighting, shade trees, and benches [16–18]. Other studies explored urban
structures and socio-economic factors as indicators of walking conditions in traffic zones or
neighbourhoods [19–24].

Most studies use direct observation, video techniques, and survey methodologies
to collect data for their LOS models [25,26]. Analytical methods typically used in PLOS
models include regression analysis [15,27], point systems [16,28,29], and simulation [30].
Unrealistic assumptions for regression analysis and simulation and subjective observa-
tions for point systems are the main issues for analytical methods typically used in
PLOS models [31,32]. The main focus on walkability scores and on the existing infras-
tructure/physical environment makes the use of these PLOS models inappropriate for
exploring sense perception rather.

These studies are generally conducted at nationwide [33] or citywide [7,8] scales.
The major shortcoming of this type of large-scale approach is the difficulty of capturing
sense-perception effects. In summary, many current walkability measurements do not take
into account urban design aspects, pedestrian walking preferences and sense perception.
Furthermore, they do not include the potential effects of socio-demographics as it requires
more targeted small scale field experiments.

1.2. Subjective Measurements of Walkable Environments

Investigating walkability from a subjective perspective has received little attention
so far in the literature. This type of study requires survey designs and field experiments
for collecting data. The survey includes multiple questions on the socio-demographics
of the participants (gender, ethnicity, marital status, age, educational attainment, annual
household income, children in household) as well as questions on their perceptions of
different dimensions/items of perceived walkability. Perception measurements are based
on scales, e.g., from 1 to 5 or 1 to 10 point Likert scales. They are generally conducted in the
context of small urban environments, e.g., neighbourhoods.

For example, the neighbourhood environment walkability scale (NEWS) is a survey
with questions about 68 items [34]. A short form of NEWS called NEWS-A has been
proposed by Cerin et al. [35]. It includes multiple environmental characteristics, e.g., resi-
dential density, proximity to nonresidential land uses, ease to access to nonresidential uses,
street connectivity, walking/cycling facilities (sidewalks, pedestrian/bike trails), aesthetics,
pedestrian traffic safety, and crime safety. Moura et al. [36] measured walkability through a
participatory assessment by considering two distinct geographical groups, highlighting
clear differences between adults, seniors and impaired pedestrians. Seven key dimensions
were considered in their survey, i.e., connected, convenient, comfortable, convivial, con-
spicuous, coexistence, and commitment. Nonetheless, sense perceptions are not considered
in their assessment framework. Zhang and Mu [37] developed a new assessment method
to account for the perceived importance of walkability in combination with objective mea-
surements, resulting in a hybrid framework. In their study, pedestrian preferences based
on a walking preference survey were included.
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1.3. Research Contributions

This study accommodates for the aforementioned shortcomings by considering sense
perception for pedestrians. In this regard, we propose a hierarchical framework for as-
sessing perceived neighbourhood walkability and the existing relationships with socio-
demographics and the contributing items. The results of this study can help explore the
effects of sense perception on neighbourhood walkability. It should be noted that sensation
and perception have different processes, but are strongly correlated. Sensations can be
defined as direct inputs from the physical world to our sensory receptors, and perception
is the brain process to interpret these sensations that can be different for individuals. While
the sensation is the same for people, perception of the same senses may not be the same for
individuals. In this regard, three critical research questions will be addressed in this paper:

1. Do the socio-demographics have an influence on PNW?
2. What are the most relevant items that explain PNW?
3. What are the predictive capabilities of the relevant items?

2. Methods

We describe the entire process we went through over the assessment of the perceived
neighbourhood walkability (PNW) in Figure 1. Having identified the determinants of PNW
from the literature in combination with new suggestions from interviews of a wide range
of professionals and experts (1), we conducted the field study among 233 participants (2).

(4) Grouping factors
into dimensions 

using EFA
+

(5) Hierarchical correlation analysis

(2) Data
collection
(N=233)

(3) Detecting effects
of socio-demographic

groups on PNW

(1) Identifying items
based on literature

review and interviews.

(8) Measuring perceived neighborhood walkability (PNW)

(6) Identifying the most relevant 
factors that explain PNW 

using a binomial regression model

(7) Forecasting PNW 
(predictive analysis) 

using deep neural network

Figure 1. Overview of the assessment framework.

We use Cronbach’s alpha to check the internal consistency and reliability of the ques-
tionnaire. Then, we examine the possibility of aggregating the 22 contributing factors
into multiple dimensions using an exploratory factor analysis (EFA) (4). To provide more
insights into the grouping mechanisms, we also compute the hierarchically distributed cor-
relation structure (pair-wise correlation analysis) of perceived neighbourhood walkability
based on the contributing items (5). This will enable the validation of the questionnaire. Five
dimensions have been defined based on both the literature and expert knowledge. Thus,
we also conduct a posteriori analysis to compare the theoretical and empirical structures of
the same questionnaire.
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The data were descriptively analyzed, after which the hypothesis tests were performed
in order to look into whether there are any differences between groups regarding their per-
ception of neighbourhood walkability (direct effects) (3). The effects of socio-demographics
on PNW are investigated using chi-square tests. Depending on the results of the signifi-
cance tests, a decision will be made on whether or not to consider socio-demographics as
explanatory variables in the parametric (binomial regression model) (6)/non-parametric
models (deep neural network) (7). Further descriptions of the parametric/non-parametric
models are provided below.

2.1. Binomial Regression Model

The assessment of PNW includes some degree of subjectivity. Although we defined
a scale from 1 to 10, the interpretation of that measurement scale may change across the
participants and the environment in which the field survey was conducted. In this regard,
the outcome that was scaled from 1 to 10 in the survey is rescaled, i.e., standardized in
the form of a z-score. We estimate a generalized binomial regression model in order to
measure the relative effects of the explanatory variables on PNW. In doing so, PNW is
computed as a relative measure with either a high (1) or a low (0) outcome. We had to
make this decision because of the potential inherent subjectivity of the PNW. For example,
participants may have the same perception/feeling but score it differently because they
have different interpretations of how good or how bad is a neighbourhood in terms of
walkability. To mitigate this sense-perception mismatch, we use a z-score instead, where
each appreciation is defined in comparison with the average score of all the participants.
We first estimate a full model that contains all the explanatory variables and a null model,
which stands as the reference. Based on these estimated models, the best model is selected
based on a forward/backward selection of the explanatory variables associated with the
lowest AIC. Here the odds ratio is defined as the probability of perceiving the environment
as highly walkable environments and the probability of lowly walkable environments.

Besides, we show that the contributing items may present some important level of
correlation, which may invalidate the use of conventional parametric models. Thus, we
also use non-parametric models to handle the presence of correlated variables better. Our
methodological choice is geared toward the use of a deep classification neural network for
mapping the relationship between PNW and the contributing items. The accuracy of the
models is checked on the basis of a conventional training/test dataset split procedure.

2.2. Deep Neural Network Model for Classification

The deep neural network is a powerful non-parametric approach for classification
and regression based on the sequential addition of weak learners, i.e., neural network
classifiers. It is characterized by flexibility as various loss functions and different learning
functions can be used. Additionally, compared to other conventional approaches, e.g.,
Support Vector Machines (SVM) or ensemble decision trees, deep neural networks are
relatively fast, robust, and show competitive performances. In addition to the previous
advantages, a deep neural network explicitly handles missing values and does not require
any normalization of the input predictors in contrast to SVM, for instance.

The model has been implemented with Keras and Tensorflow using Python. In
particular, the deep neural network has three hidden layers, 128/64/32 neurons each, in
addition to the input (100) and output layers (10). ReLu activation functions are used
at the output of the hidden layers, whereas the Softmax activation function is used at
the output layer for classification purposes. As a result, a categorical cross-entropy loss
function is adopted to measure the estimated model’s predictive capabilities. The model is
optimized/estimated by using stochastic gradient descent. To obtain quick simulations, we
use a batch size of 16. After 2000 runs, the model clearly converges. We set up a deep neural
network model to map the relationship between the contributing factors and the PNW.
Thus, the relationship is formulated by means of a non-parametric classification model.
Furthermore, it is assumed that the contributing factors are categorical. Handling the latter
variables as continuous would not affect the results. Considering them as categorical will
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require a shift towards dummy variables. Based on the factor analysis, we handle a set of
20 contributing factors, as two of them have been dropped out. The variables collected in
the first part of the questionnaire are not included in the model because they do not affect
the outcome. Thus, only predictor variables of PNW collected in the second part of the
questionnaire are incorporated in the model.

3. Data

Data collection has been conducted in the commune of Ixelles, one of the 19 munic-
ipalities of the Brussels capital region. Ixelles covers eight districts, offering some very
attractive places. The commune is the repository of multiple geographical places where
the accessibility for pedestrians is important: green areas, pools, and a variety of urban
forms where the conditions of walkability vary: quite favourable, in areas of high activity,
rather negative in centralities. Zones of centrality present compact neighbourhoods where
accessibility for pedestrians is limited because of high traffic volumes. Nonetheless, those
spaces are strategic for enabling enough proximity, guaranteeing accessibility and walkabil-
ity. Each district has its particularities, as there exist diverse realities in the different parts
of the commune of Ixelles.

The survey is designed to capture the perception of walkability based on sense per-
ception. The questionnaire (Supplementary Materials) includes two different components,
i.e., an individual’s socio-demographic background and perception of walkability. Table 1
presents the socio-demographic information from the participants, i.e., age, gender, and
education, as well as questions about knowledge of the area, the frequency of visits and
mode choice. Table 2 describes the different items considered in this study based on the
recommendations of the literature and several interviews with different experts of varying
skills, i.e., architects, professors, urban planners, and mobility experts.

As a result, we identified 22 items that can be grouped into 5 factors. The first factor is
related to cleanness (streets, pavements, etc.). The second relates to the visual aesthetics
(architecture, colours, panorama, etc.). The third factor covers landscape/nature-related
items (green spaces, water, natural scenes and overall noise level). A fourth factor captures
the urban morphology, its density and how it can influence the feeling of pressure. The fifth
factor relates to safety aspects (security, traffic volumes/density, risks, lighting, especially
during nights, and suspicious persons). Of course, some overlapping may exist over the
different factors. Therefore, an EFA analysis is conducted to confirm/extend the 5-factors
structure.

The conceptual framework of the qualitative analysis draws on the work of Chibane
and Gwiazdzinski [3] as qualitative aspects are taken into account. A preliminary version
of the work has been presented to the experts in order to foster rational thoughts and
get deeper insights into the concept of walkability based on sense perception and some
new dimensions such as landscape and nature were added. The items are grouped into
different initial dimensions before finalizing dimensions by applying exploratory factor
analysis (EFA).

The minimum sample size for a margin of error of 6.5% and a confidence level of
95% is 228. Therefore, at least 228 respondents were required in this study. Data were
collected over four days between April and May 2018, resulting in a total of 233 completed
questionnaires. The participants were pedestrians randomly selected at different locations
in the study area. The participants involved were both residents and non-residents.

Figure 2 shows the spatial distribution of the collection sites (red points). They
uniformly cover the entire study area. Ixelles is located in the southeast of Brussels. It
has a surface of 6.34 km2. The density is around 13,882.5 inhabitants/km2. Because of the
presence of two large universities (ULB and VUB), Ixelles is highly frequented by students.



Sustainability 2021, 14, 206 7 of 16

Green spaces (parks+gardens)
Study area
Administrative boundaries
Geolocalized collection site

Figure 2. Spatial distribution of green spaces in Ixelles, Brussels.

Table 1. Variables and possible answers regarding socio-demographic variables and area information
(part I of the questionnaire).

No. Variable Possible Answer

1 Age ... years

2 Gender Male or female

3 Education No degree, primary school, high school,
higher non-university, higher (post-)university

4 Do you know the address, the street name, Yes-No
the district name you are currently located? if yes, please provide address, street, district names

5 On average, how often do you visit this place? Frequency: rarely/one to few days a year/
one to few days a month/one to few days a week/
at least 4 days a week

6 Which transport mode Walking/cycling/motorcycling/
do you use to get to this place? public transport/car (as driver)/car (as passenger)/other
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Table 2. Variables and possible answers regarding contributing factors and overall perception of
neighbourhood walkability (part II of the questionnaire).

No. Dimensions Items Name Scale

7 Cleanness Presence of garbage in the street SENP01 1 (very bad)–5 (very good)
Pavement quality and cleanness SENP02
Smell SENP03

Visual aesthetics General view ESTH04
Colors ESTH05
Beautiful scenes ESTH06
Remarkable architecture ESTH07
Open spaces ESTH08

Landscape and nature Green spaces VALP09
Presence of water VALP10
Natural scenes VALP11
Playgrounds VALP12
Noise VALP13

Feeling of pressure Building’s height SENP14
Industrial sites and brown fields SENP15
Monotony SENP16
Landscape fragmentation SENP17
Road safety SENP18

Feeling of safety Security SENS19
Traffic volume SENS20
Lighting SENS21
Suspicious people SENS22

8 Rank the overall look on a scale of 1–10, NOTGLOB 0 (very bad)–10 (very good)
with 1 beeing very poor, 10 being excellent,
to what extent this place incites to walk

4. Results
4.1. Summary Statistics

Table 3 presents a statistical description of the variables of the first part of the collected
dataset. 233 respondents answered the questionnaire. Almost an equal distribution of
males and females was obtained. Most of the respondents are between 25 and 39, while
people aged at least 60 are under-represented. Furthermore, most participants (58%) are of
a higher education level and are familiar (74.7%) with the environment. The travel mode
with which they accessed the survey environment was primarily on foot (35.2%), followed
by public transport (25.8%) and car either as driver or passenger (16.3%).

4.2. Associations between Socio-Demographics and PNW

We conducted multiple chi-square tests in order to reveal the existence of statistically
significant associations between the predictors and PNW. Note that the statistical tests
which resulted in no significant associations are not reported for the sake of clarity. The
tested categorical predictors include age, gender, education level, knowledge of the envi-
ronment, frequency of visits, and transport mode. We systematically tested the associations
between these variables and PNW (direct effects). We found no significant associations
between the considered predictors and PNW, apart from the education level predictor
(chi-square stat. = 10.02, p-value < 0.05). It seems that socio-demographics do not influ-
ence sense perception at the neighbourhood scale. Regarding the groups from different
education backgrounds, the statistical tests show that there exist significant differences be-
tween highly and lowly educated individuals. Highly educated individuals have a higher
perception of neighbourhood walkability in comparison with lowly educated individuals.
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Table 3. Descriptive statistics of the respondents (n = 233).

Variable Group Counts Proportion (in %)

Gender (1) Men 112 48.1
(2) Women 121 51.9

Age (1) Under 25 years 50 21.5
(2) Between 25 and 39 years 118 50.6
(3) Between 40 and 59 years 64 27.5
(4) 60 years and above 1 0.4

Education (1) No degree 25 10.7
(2) Elementary school 29 12.4
(3) High school 44 18.9
(4) Post-secondary education I (School) 60 25.8
(5) Post-secondary education II (University) 75 32.2

Knowledge of (1) Respondent knows the street/district 174 74.7
the survey environment (2) Does not know 59 25.3

Frequency of visits (1) Very rarely 39 16.7
(2) Between one and few days a year 38 16.3
(3) Between one and few days a month 47 20.2
(4) Between one and few days a week 42 18.0
(5) At least four days a week 67 28.8

Travel mode (1) On foot 82 35.2
(2) By bicycle 27 11.6
(3) Motorcycle 12 5.2
(4) Public transport 60 25.8
(5) Car (as driver) 14 6.0
(6) Car (as passenger) 24 10.3
(7) Other 14 6.0

4.3. Emergence of Grouping Factors

Having highlighted the lack of effects of socio-demographics, we show how the
variables are distributed on the basis of a hierarchical clustering algorithm (Figure 3). The
correlation-based decision tree shows how the clustering operates at each decision level.
Figure 3 allows us to understand the complexity of the PNW through all the contributing
factors. A preliminary analysis based on variable correlation clearly reveals that aesthetic
and visual dimensions play an important role in the explanation of PNW. Identified clusters
can clearly be distinguished compared to the remaining items.

Table 4 presents the results of the exploratory factor analysis (EFA) conducted on the
basis of the 22 contribution factors. EFA suggests that clustering into seven dimensions is
required instead of the five initially considered in the questionnaire. The values measure
the intensity of belonging to a dimension. Consequently, the closer the value of the rotated
factor matrix is to 1, the higher the item belongs to that dimension. The Kaiser–Meyer–
Olkin (KMO) test is equal to 0.704, whereas a value higher than 0.7 is commonly required.
The approximated chi-square of the Barlett’s test of sphericity is 2332.647 (p-value < 0.001).
Furthermore, the internal consistency and reliability of the questionnaire are also appropri-
ate as the Cronbach’s alpha reaches a value of 0.810 with 0.773/0.844 95% CI, whereas a
value of at least 0.7 is recommended. SENP14 and SENP15 are excluded from the analysis
because of a communality value lower than 0.4.
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Figure 3. Hierarchically distributed correlation structure of perceived neighbourhood walkability.

Table 4. Rotated factor matrix using an extraction method based on principal axis factoring. The
rotation method is based on varimax with Kaiser normalization.

Factor
Communality

1 2 3 4 5 6 7

Cleanness SENP01 0.603 0.49
SENP02 0.900 0.85
SENP03 0.640 0.45
SENP18 0.472 0.41

Visual aesthetics ESTH04 0.623 0.65
ESTH05 0.743 0.67
ESTH06 0.870 0.92
ESTH07 0.623 0.52

Landscape and nature ESTH08 0.606 0.59
VALP09 0.771 0.63
VALP10 0.822 0.71
VALP11 0.734 0.73

VALP12 0.628 0.54
SENS20 0.688 0.60

VALP13 0.689 0.62
SENP14 0.541 0.33

Feeling of pressure SENP15 0.441 0.35
SENP16 0.749 0.65
SENP17 0.677 0.59

Feeling of safety SENS19 0.518 0.49
SENS21 0.523 0.66
SENS22 0.702 0.50
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4.4. Associations between the Items and PNW
4.4.1. Parametric Model

Variable importance is measured by means of a binomial regression model. In this
regard, PNW was beforehand standardized. Negative values are associated with 0, the
positive values with 1. Figure 4 shows some key statistical indicators for assessing the
best fitted binomial regression model (AIC = 230.49). Table 5 presents the parameter
estimates, the standard errors, the Wald z-statistic and the corresponding p-values. We
can observe that seven predictors were excluded from the full model, SENP03, VALP11,
ESTH07, VALP13, VALP09, SENS20, and SENS21. A total of 10 items out of 15 are strongly
associated with PNW with a significance level of at least 0.05. Based on the results of that
model, “pavement quality and cleanness” SENP02, “playgrounds” VALP12, “general view”
ESTH04, “beautiful scenes” ESTH06, “open spaces” ESTH08, “building’s height” SENP14,
and “suspicious people” SENS22 are the most relevant predictors of PNW. Considering
the items with strong associations (p-value < 0.001), we observe that for every one unit
change in “pavement quality and cleanness” SENP02, “playgrounds” VALP12, “general
view” ESTH04, “building’s height” SENP14, and “suspicious people” SENS22 the log odds
of perceiving the environment as highly walkable (versus lowly walkable) increases by 0.85,
0.74, 1.87, 0.68, and 0.65 respectively. For every one unit change in “open spaces” ESTH08,
the log odds of perceiving the environment as highly walkable (versus lowly walkable)
decreases by −0.94.
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Table 5. Parameter estimates.

Param. Est. Std. Error z-Value

(Intercept) −8.77 (***) 1.47 −5.97
SENP16 0.50 (*) 0.24 2.06
SENP02 0.85 (***) 0.24 3.47
VALP12 0.74 (***) 0.20 3.65
ESTH04 1.87 (***) 0.34 5.53
ESTH06 −1.00 (**) 0.35 −2.86
SENP14 0.68 (***) 0.20 3.43
SENS22 0.65 (***) 0.19 3.48
SENP18 −0.44 (*) 0.19 −2.36
ESTH08 −0.94 (***) 0.23 −4.03
VALP10 0.40 (*) 0.16 2.52
SENP15 0.26 0.14 1.83
SENS19 −0.42 0.22 −1.89
SENP17 0.43 0.24 1.81
SENP01 −0.33 0.22 −1.54
ESTH05 −0.37 0.25 −1.47

(***): p-value < 0.001, (**): p-value < 0.01, (*): p-value < 0.05.

4.4.2. Non-Parametric Model

Regarding the predictive analysis, Figure 5 presents the performances of the fitted
deep neural network model. The results show that the model performances are quite good,
with a classification accuracy of 78.72%, whereas the validation set represents 20% of the
original dataset. The classification accuracy reaches 100% based on the training set.
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Figure 5. Performances of the estimated deep learning model.

5. Discussion

Regarding the influence of socio-demographics on PNW, we showed that gender
and knowledge of the environment appear to have no effects. This is also true for
age, frequency of visits, and transport mode. In contrast, differences between groups
(young/adults/elderly people) were found in Moura et al. [36], while a positive relation-
ship was captured between walkability and active transportation [1]. Factors influencing
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women’s propensity to walk are different from those affecting men [38]. Nonetheless, sense
perception was not the scope.

Besides, groups of a particular educational background have a more positive per-
ception of neighbourhood walkability. This new finding highlights the complexity of
measuring walkability using objective methods. In this regard, there is evidence that
suggests that areas with highly educated people are more walkable [39]. In general, the
results clearly suggest the absence of direct effects on PNW. This may be explained by the
fact that elderly people are under-represented in the sample. Thus, potential differences in
terms of PNW cannot be captured and highlighted by the model in comparison with other
group ages.

Since there are no significant differences between various socio-demographic groups
in terms of perceived walkability, the variables collected in the first part of the questionnaire
(socio-demographics) have not been considered as important determinants. Moreover, our
further experiments show that even if we include them as input for fitting a full model, the
analysis of the variable importance reveals once again that their importance with respect
to the outcome is not significant. As expected, the predictive deep neural network model
shows an effective relationship between the contributing items and PNW.

Based on the binomial regression model, it seems that half of all the contributing factors
are relevant enough to explain PNW. Although some other studies also considered some
of these factors such as landscape and trees as important factors for walking [28,40–42],
the sense perception, which is important for walking, is not included in these studies.
Safety and cleanness related factors are considered in many studies [11,12,15,28,43–45],
our findings confirm prior research as items related to the feeling of safety (“suspicious
people” SENS22) and cleanness (“pavement quality and cleanness” SENP02) appear to
play a key role on the PNW. In this regard, factors related to safety have been found to play
a substantial role in walking, especially for women [38].

The results presented showed that the “general view” ESTH04 is by far the most
influencing factor. This can be explained by the fact that ESTH04 is a variable that asks for
general sense perception.

6. Conclusions

Very few studies address walkability based on sense perception. To fill this gap, we in-
vestigated neighbourhood walkability (NW) based on sense perception in a neighbourhood
of Brussels. In this paper, we investigated the concept of PNW based on sense perception
through the examination of multiple contributing factors. A survey has been conducted in a
Brussels district in order to collect information about socio-demographics, travel behaviour
and, in particular, PNW. The internal consistency and reliability of the questionnaire were
verified using Cronbach’s alpha and EFA. The results from the EFA were also compared
to those of the hierarchically distributed correlation structure of the contributing factors
(Figure 3), with the objective of adding more insights into the understanding of the group-
ing mechanisms. A deep neural network model for classification has been estimated in
order to highlight the predictive power of the contributing items on PNW.

This study shows that:

1. In general, socio-demographics have no particular influence on PNW. Nonetheless,
groups from different education levels have different neighbourhood walkability
perceptions. This is a new insight that should be investigated in further studies. If
the education level is a determinant of PNW, then targeted policy measures should
be undertaken in order to promote walkability for less-educated segments of the
population. At this stage, the reason is unclear, and it is worthy of special attention.

2. The following items “pavement quality and cleanness” SENP02, “playgrounds”
VALP12, “general view” ESTH04, “beautiful scenes” ESTH06, “open spaces” ESTH08,
“building’s height” SENP14, and “suspicious people” SENS22 are the most relevant
predictors of PNW. Policymakers should mainly focus on these particular items for
promoting walkability.
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3. The relevant factors that were identified in this study have substantial predictive capa-
bilities, which shows that objective measures are not enough and that sense perceptions
of individuals play a crucial role in the promotion of more walkable environments.

Nonetheless, prudence is needed when generalizing the results to other geograph-
ical contexts, given the sample size (n = 233) and geographical scope of the study area.
Furthermore, as elderly people are under-represented, we cannot definitively confirm the
absence of sense perception differences between elderly people and the other age groups.
Further investigation is needed to clarify this particular point. Besides, additional factors
such as seasonal effects, environmental issues, nature and uniformity of physical facilities,
etc., could be incorporated in the study. In terms of physical infrastructure, the street
width (or the number of lanes), speed limit, presence of signs, signals, crosswalks, side-
walks, etc., could potentially influence perception, safety, and walking-related decisions,
and therefore be worthwhile to have been considered as well. Additionally, trip purpose
(recreational, physical activity, walking to a bus stop or train station, etc.) could have
been considered. Given that we focused on the perceived environment, further research is
needed to determine the influence of the physical environment on the perceptions.

Based on the findings of this study, we conclude that it is crucial that the decision-
makers pay more attention to improving the identified factors that affect the perception of
neighbourhood walkability at neighbourhood scales regardless of the differences in socio-
demographic groups. Additionally, we show that it is necessary to promote interactions
between the population and local authorities to undertake smart decisions for further
enhancing PNW. Additional surveys could be carried out for neighbouring districts in
order to compare the PNW measurements. In doing so, policymakers need to define
priority areas where improving measures benefits the community.

Supplementary Materials: The questionnaire is available online at https://www.mdpi.com/article/
10.3390/su14010206/s1.
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