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ARTICLE INFO ABSTRACT

Keywords: Walking is a cornerstone of urban mobility in Latin America. Therefore, policies that improve pedestrians’
Walkability perception of the built environment are crucial for policymakers and researchers alike. This paper investigates
Pe‘,iesmaf"s the influence of built environment factors on perceptions of safety and comfort, as well as pedestrians’ preferences
?:i;;‘i‘;lr‘;:“mem for sidewalk characteristics in two Colombian cities: Barranquilla and Santa Marta. For this purpose, we designed
Safety a novel survey that combines a choice experiment using real images of residential and commercial areas with a
Comfort set of perception indicators to estimate hybrid choice models. The study’s findings have significant practical

implications for urban planning and policy development. In the commercial sector, sidewalk width is the most
relevant attribute, followed by obstacles and, to a lesser extent, the presence of pedestrians. In residential sectors,
the attractiveness of the environment, the presence of pedestrians, the condition of the sidewalk, and the exis-
tence of obstacles are highly relevant in explaining pedestrian demand behavior. The hybrid model indicates that
sidewalk width and the presence of obstacles impact the perception of comfort and safety in both sectors. On the
other hand, the presence of pedestrians has a positive effect on safety but a negative effect on comfort. These
results show that physical attributes of the built environment influence pedestrian perceptions. Improvements in
pedestrian infrastructure and the building environment are necessary to encourage walking as an active mode of
transportation. They include promoting mixed land use, widening sidewalks, removing obstacles, and main-
taining them to ensure continuity and good condition.

1. Introduction improvement in pedestrian infrastructure and the need to understand

pedestrians’ behavior and how they perceive the urban built environ-

In the last decades, Latin America has experienced accelerated
growth in its urban population. In the 1950s, about 40% of the popu-
lation lived in urban areas; however, nowadays, over 80% of the pop-
ulation lives in cities (United Nations, 2018). This rapid growth of the
urban population has put pressure on the transport systems of the re-
gion, which, in most cases, rely on poor pedestrian infrastructure and
semi-formal public transport services (Moscoso et al., 2019). However,
despite these challenges, walking has remained a cornerstone of urban
mobility in Latin America due to the region’s high urban densities and
low motorization rates (Serebrisky et al., 2019). Over half of the urban
trips involve a walking stage, either as the main transport mode or to
access public transportation (Table 1). This underscores the potential for
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ment to enhance policy decisions.

Several authors have studied which attributes of the built environ-
ment have a greater impact on pedestrians’ perceptions in Latin Amer-
ica. Table 2 presents a synthesis of these studies (denoted with letters a
to k) and a selection of literature reviews and international papers as
benchmarks (denoted with letters q to 7).! We have organized the results
into four primary perception dimensions: quality, comfort, safety, and
security. Table 2 shows that the physical attributes of the built envi-
ronment are crucial for pedestrian perceptions. For instance, the side-
walk’s width and condition and the presence of obstacles are critical in
all dimensions of the pedestrians’ perceptions. Other urban attributes of
public spaces, such as the presence of trees and green areas, influence

1 We focus on papers that study how the built environment impacts pedestrian perceptions in Latin America. For exhaustive literature reviews on pedestrian
perception, walkability, and other related topics, see, e.g., Ferreira et al. (2022), Nag et al. (2020) and Arellana et al. (2020a).
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Table 1

Modal split of transport in various cities (OMU, 2023).
Bogota Buenos Aires Mexico City Panama Rio de Janeiro Salvador de Bahia Sao Paulo Santiago
Public 34.2 37.8 45.5 38.1 47.3 349 30.9 19.8
Metro/train 0.0 11.2 11.9 1.0 6.2 0.0 11.1 5.9
Bus/BRT 34.2 26.6 33.6 37.1 41.1 349 19.8 13.9
Active 32.1 28.5 30.3 8.3 28.3 36.2 32.7 41.2
Walk 24.7 24.6 27.0 8.1 27.2 35.3 31.8 36.9
Bicycle 7.4 3.9 1.8 0.2 1.1 0.9 0.9 4.3
Individual 24.5 31.5 23.1 45.4 23.4 22.4 30.6 33.0
Car 14.3 26.8 16.9 35.2 22.7 19.1 27.0 27.5
Taxi 4.5 1.6 5.3 9.3 0.2 1.4 3.0 4.9
Motorcycle 5.7 3.1 0.9 0.9 0.5 1.9 0.6 0.6
Others 9.1 2.3 1.1 8.3 1.0 6.3 5.8 6.0
Year 2019 2018 2017 2014 2011 2012 2017 2012

comfort, while lighting is crucial for security. Building characteristics and
land uses also play a significant role. For example, the number of shops
and the aesthetic of the building strongly affect pedestrians’ perceptions
of quality, comfort, and security.

Beyond physical attributes, other characteristics of the built envi-
ronment impact pedestrian perception. For example, people’s presence
positively impacts security; however, crowding harms comfort. Not sur-
prisingly, police officers and surveillance cameras improve security,
while crime records reduce it. Pedestrian perception is also affected by
the transport system. Safety is affected by traffic control devices,
pedestrian facilities, and traffic speeds, while car congestion and traffic
flow negatively impact safety and comfort.

Although previous research in Latin America has improved our un-
derstanding of how the built environment influences pedestrians’ per-
ceptions, three gaps remain in the literature. First, previous studies
conducted in Latin America have identified that the presence of shops
and the predominant land use significantly impacts the perception of the
built environment (Arellana et al., 2020a; Guzman et al., 2022; Herr-
mann-Lunecke et al., 2021; Iglesias et al., 2013; Ruiz-Padillo et al., 2018,
2022; Torres et al., 2024). However, prior studies often fail to consider
that other built environment attributes may be valued differently
depending on the area’s predominant land use. For instance, attributes
such as the presence of trees or crowded sidewalks might affect per-
ceptions of safety and comfort differently in commercial versus residen-
tial areas (Basu et al., 2022; Cho et al., 2009; Ferreira et al., 2022). This
consideration is especially relevant in the region, as many cities lack a
balanced land use mix, resulting in distinct commercial areas, often
centered in city hubs, separated from residential zones.

Second, most studies in Latin America gather individuals’ percep-
tions based on environments they recently or frequently experienced (e.
g., Guzman et al., 2022; Vallejo-Borda et al., 2020). This can result in
biased estimations due to limited variability in the studied attributes. It
also may lead to endogeneity issues caused by omitted variables, as it is
challenging to account for all the elements respondents consider when
assessing the built environment (Guerrero et al., 2022, 2024).

Third, many studies rely solely on perception indicators without
including individual preferences. These studies typically use the Struc-
tural Equation Modeling (SEM) framework, which may not be sufficient
when a broader, quantifiable understanding of preferences is needed to
evaluate current or hypothetical scenarios.

This paper aims to fill these gaps in three ways. Firstly, unlike pre-
vious works, we consider two distinctive land uses: residential and
commercial. This novel approach allows us to identify and compare
which urban environment characteristics affect pedestrian perceptions
in each context, contrast our results with previous models, and formu-
late specific policy recommendations for each context.

The second contribution of our study concerns the survey design. We
use a Stated Preference (SP) choice experiment where the respondents
choose the most attractive alternative among three real images metic-
ulously selected to ensure the validity of our experimental design. In
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addition to the choice experiment, our survey asks for a set of indicators
related to respondents’ perceptions regarding the built environment of
each alternative, which allows us to obtain respondents’ perceptions in a
wide variety of factual scenarios, improving the validity of our results.
Finally, our survey also includes a socioeconomic questionnaire to un-
derstand how socioeconomic factors may influence pedestrian percep-
tions and behavior.

We apply this novel survey to evaluate how the built environment
influences pedestrians’ perceptions and behavior in two Colombian
cities, Barranquilla and Santa Marta, two nearby port cities with similar
weather, culture, and customs. These cities were chosen due to their
similar characteristics, making them ideal for this study. Our sample
consists of 546 complete surveys by individuals over 18 years old who
considered walking a mode of transportation and had internet access to
complete the survey. 261 surveys were captured for the commercial
environment, while 285 surveys were obtained for the residential
environment.

The third contribution of this paper concerns our modeling strategy,
as we need to integrate the data from the perception indicators and the
SP choice experiment. To achieve this, we rely on a Hybrid Choice
Modeling (HCM) approach, where a Multiple Indicator Multiple Cause
(MIMIC) model is used to construct two latent variables —namely safety
and comfort- that simultaneously explain the perception indicators and
the respondent’s choices (Ben-Akiva et al., 2002; Raveau et al., 2012;
Walker, 2001). This modeling approach is grounded on the Random
Utility Theory; therefore, it can be used to represent individual prefer-
ences, estimate aggregate demand functions, and compute welfare gains
due to changes in the explanatory variables. Although common in the
transport literature, the HCM has yet to be used widely to assess which
built environment characteristics affect pedestrian perceptions and
behavior.

The rest of the paper is organized as follows. Section 2 explains the
three stages of our survey design in detail. Section 3 introduces the case
study, providing context on the cities where the survey was imple-
mented and describing the data collection process. Section 4 presents
the main findings of the HCM model for each context under study. It also
presents an elasticity analysis to better understand the differences be-
tween commercial and residential contexts. Section 5 offers policy rec-
ommendations derived from the model results, and Section 6 concludes
the paper, summarizing the essential findings and outlining the study’s
limitations.

2. Survey design

Based on the extensive literature review conducted to identify the
psychological, urban environment, and sociodemographic factors in the
choice of sidewalks and walking areas, we designed a first draft of the
questionnaire and the psychometric indicators that we would use to
measure the latent variables. We tested this initial instrument through a
virtual pilot survey to verify that it could accurately measure the
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Table 2
Related literature: Urban environment variables affecting quality, comfort, safety
and security perceptions in Latin America.

Variable Quality” Comfort Safety Security
Sidewalks
Presence or existence b k k,s,u,v,
W’y
Width a,b,c.ef,g, c s,u c,d,u
h’j
Condition/maintenance a,c,g,h,j,r c,u,v 1,5,u,v,X, c,u,z
y
Obstacles a,b,e,f c wV,X,y
Slope cegh b,u,w
Ramps b,c.f,q,r u,v
Cleanliness c,jt a,c,u,v,x i c,t,u,v
Vehicles parking a,r c d
Continuity a s
Block length f b
Carriageway
Condition c u c
Width f,j S, U,V c
Buildings
Shops c,h,j,t g,u,v i c,u,v,z
Land use a,b,e,j,t s,t t
Characteristics c, c ik c,d,u
Aesthetic of buildings eh,r a,b,g,u,v, i c
w
High c, a,c,k,u,v k c
Graffiti c a
Fences k ik
Urban furniture/vegetation
Lighting c,j u,v u b,c,u,v,w,z
Benches j u
Trees c,j,t a,b,u,v,w, t d,t,u,z
X
Green areas a,b,c c,k,u,v,w, k
X
People
Presence of other c,j,k,u,v ik,u a,b,c,d,u,v,
pedestrians W,Z
Bike flow j
Police eh iu a,c,8,j
Street vendors u
Neighborhood
Noise c,j cu c
Security cameras a,b,j
Crime records a,b,u,v

Police station b
Transport system

Public transport a,b,c,f,j,r s,u c

Traffic control devices j k a,b,u,v,k

Pedestrian/crossing c a,s,u,v,X c

facilities

Congestion/traffic flow jr b,c.k,u,v a,b,k,u, c
V,X

Traffic speed a,b,u,v,y c

Car crash record/risk eh,r b,g,u j

Connectivity eh g s,u

Bicycle facilities r u

Studies conducted in Latin America: a) Arellana et al., 2020a, b) Guzman et al.
(2022), ¢) Herrmann-Lunecke et al. (2021), d) Hurtubia et al. (2015), e) Lar-
ranaga et al. (2019), f) Rodriguez-Valencia et al. (2020), g) Ruiz-Padillo et al.
(2018), h) Ruiz-Padillo et al. (2022), i) Iglesias et al. (2013), j) Vallejo-Borda
et al. (2020), k) Rossetti et al. (2019).
Literature reviews and other selected studies: q) Campisi et al. (2022), r)
Georgiou et al. (2021), s) Cho et al. (2009), t) Basu et al. (2022), u) Ferreira et al.
(2022), v) Ferrer et al. (2015), w) Ferrer and Ruiz (2018), x) Le et al. (2021), y)
Narayanan (2020), z) Park and Garcia (2020).

# Quality includes Perceived Quality, Pedestrian Level of Service (PLOS),
Walkability or Attractiveness studies.

expected variables and was easily understandable for the target popu-
lation. We obtained 84 responses for the commercial sector and 92 for
the residential sector. Using these data, we estimated preliminary
models, which allowed for adjustments to the attributes of the SP survey
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and corrections to the presentation and language to reduce potential
confusion among respondents.

Due to COVID-19 restrictions, we opted for an online survey. While
this method allowed us to reach a broad audience through email and
social media, it may have limited participation from individuals with
less internet access or digital literacy. However, efforts were made to
ensure diverse representation, and the results were carefully analyzed to
account for any potential biases.

The final survey design consists of three stages. In the first stage, we
presented the two stated Preferences (SP) experiments: one for a resi-
dential context and the other for a commercial context. In the second
stage, we include psychometric indicators to assess perceptions of
environmental safety and comfort. In the final stage, we gather infor-
mation to characterize the respondents, including their most frequently
used mode of transportation and the socioeconomic characteristics of
their household and themselves.

We conducted the survey between September and mid-October 2020
in Barranquilla and Santa Marta. The cultural, climatic, and other sim-
ilarities between the two cities ensured the responses were relevant and
comparable, allowing for a more cohesive data analysis. Fig. 1 presents a
flow chart of our complete methodology.

2.1. Stated choice experiment

We designed two stated choice experiments, one for a residential
context and another for a commercial context. In each experiment, in-
dividuals had to choose between 3 unlabeled alternatives, ranking their
preferences from the most attractive to the least attractive alternative.
Each experiment considered an orthogonal design consisting of 16
choice situations in four blocks, then each individual faced four choice
situations.

We carefully selected the most relevant set of attributes for this type
of study, which primarily included the width and condition of the
sidewalk, as well as the presence of shade and pedestrians. Considering
the unique context of Colombian cities, we also included the presence of
fences adjacent to the sidewalk and the area’s attractiveness. Table 3
presents the attributes considered in the design of the commercial sector
survey, while Table 4 shows the attributes and characteristics of the
residential sector survey. All the attributes considered have two levels of
variation, specified as a dummy variable that takes the value of 1 if it has
the described characteristic or 0 otherwise.

We first designed the SP survey, carefully combining the attributes to
ensure no alternative was dominant in the choice experiment, as shown
in Fig. 2. This approach not only enhances the authenticity of the study
but also ensures it is comprehensive and representative. Based on this
design, we then conducted an exhaustive search for images that met
those characteristics using Google Street View (Google, 2020). We ob-
tained images from six Colombian cities: Bogotd, Medellin, Barranquilla,
Santa Marta, Bucaramanga, and Valledupar. We did not tell respondents
which city the photo belonged to. This avoided sample bias and pro-
vided a variety of scenarios.

The pilot survey revealed that the time of day significantly impacts
safety perception. However, the COVID-19 pandemic restrictions and the
need to comply with our experimental design led us to use Google Street
View images for our choice scenarios. Unfortunately, only daytime im-
ages are available on Google Street View, so we could not include the
time of day as an environmental variable in our model.

2.2. Perception survey

The second stage of the survey was designed to explore the re-
spondents’ perceptions more deeply. It included psychometric in-
dicators associated with perceptions of safety and comfort while walking
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LITERATURE REVIEW
SURVEY DESIGN
* Residential and commercial

land uses

*+ Built environment variables two contexts

Choice experiment in

MODEL ESTIMATION
" LATENT VARIABLES
| Safety | | Comfort |

PILOT SURVEY

L Houseld and socio-
economic characteristics

BUILT ENVIRONMENT VARIABLES

Sidewalk Presence Sidewalk Aftractiveness

+  Validation draft survey
+  Adjustments in 5P survey

Perceptions indicators

Width Obstacles | | Condition and Fence

attribute

Fig. 1. Methodological flow chart.

Table 3
Attributes to evaluate - Commercial Sector.

Table 4
Attributes to evaluate - Residential Sector.

Attribute Abbreviation  Description of Levels Attribute Abbreviation Description of Levels
Pedestrian flow Pedestrians When the sidewalk is empty (0), if it has Pedestrian flow Pedestrians When the sidewalk is empty (0), if
people (1) it has people (1)
Presence of obstacles Obstacles Without obstacles (0), with obstacles (1) Presence of obstacles Obstacles Without obstacles (0), with
Sidewalk width Width Less than 1.2 m (fixed) obstacles (1)
Width 1 If the width is between 1.2 m and 1.8 m Sidewalk width Width Less than 1.5 m (0), More than 1.5
(1), otherwise (0) m (1)
Width 2 If the width is greater than 1.8 m (1), Sidewalk condition Condition Bad (0), good(1)
otherwise (0) Presence of shade from trees Shade Without shade (0), with shade (1)
Sidewalk condition Condition Bad (0), good(1) Presence of fences alongside ~ Fence Without fence (0), with fence (1)
Presence of shade Shade Without shade (0), with shade (1) sidewalks
from trees Attractiveness of the area Attractiveness Less attractive (0), Very attractive

in the areas shown in the images.” The responses to these indicators
were collected using a 5-point Likert scale, where 1 represented com-
plete disagreement, and 5 represented complete agreement with the
statement in the question. This scale provided a detailed understanding
of the respondents’ viewpoints, further analyzed through confirmatory
factor analysis to yield the latent variables shown in Table 5. Notice that
respondents were asked to evaluate three safety indicators and three
comfort indicators for each of the three alternatives in the four-choice
scenarios. Thus, each individual responded to 72 indicators in addi-
tion to the four-choice scenarios.

2.3. Socio-economic questionnaire

The final part of the survey is dedicated to understanding the so-
cioeconomic characteristics of the respondents and their households. It
includes age, gender, marital status, educational level, car ownership,
and socioeconomic stratification. In Colombia, socioeconomic stratifi-
cation is a classification system designed to assign subsidies for public
services. Cantillo-Garcia et al. (2019) showed that it is highly correlated
with household income. Strata 1 and 2 correspond to low-income
households, 3 and 4 indicate middle income, and 5 and 6 signify high
income. Consequently, it has been used in Colombia as a proxy variable
for household income (e.g., Cantillo et al., 2015; Chica-Olmo et al.,
2020; Gutiérrez et al., 2021; Ramos et al., 2017).

3. Case study

Barranquilla and Santa Marta are two capital cities in Colombia’s
northern region on the Caribbean coast (Fig. 3). Barranquilla is an
important port and industrial center with a population of nearly 1.3
million in 2018, nearly three times the size of Santa Marta, with
approximately 500,000 inhabitants (DANE, 2018). Despite their differ-
ences in size, both cities have similar cultural, climatic, and socioeco-
nomic characteristics, making them effectively comparable. Both cities

2 In Spanish, the word seguridad means both safety and security. Therefore,
our latent variable safety is closely related to both concepts.

361

@

have warm and humid weather all year and a significant tourism in-
dustry due to their proximity to the Caribbean Sea.

According to the latest population census (DANE, 2018), the distri-
bution of household stratification in capital cities shows that more than
63% of households belong to strata 1 and 2 (low-income). Meanwhile,
the smallest proportion (4.29%) belongs to the strata, 5 and 6 (high
income). Table 6 presents the main socioeconomic characteristics of the
two cities according to the population census and the modal share.

In Barranquilla, public transport accounts for around 36.7% of all
trips made on a typical workday, followed by 28.9% of trips made by
foot, making it the city’s second most popular mode of transportation
(TPD Ingenieria., 2018). Close behind comes private transportation,
which accounts for 20.7% and primarily comprises cars and motorcy-
cles. Other modes, by contrast, account for a significantly lesser fraction.
On the other hand, in Santa Marta, 27% of trips on a typical day are
made using non-motorized transportation (walking or bicycling), while
39% are completed via public transit (Financiera del Desarrollo Terri-
torial., 2016).

3.1. Data collection

The data collection stage finished with 546 complete surveys by in-
dividuals over 18 years old who considered walking a mode of trans-
portation and had internet access to complete the survey. Approximately
65% of the surveys were conducted in Barranquilla. A total of 261 sur-
veys were captured for the commercial environment, averaging 65
surveys per block, while 285 surveys were obtained for a residential
environment, averaging 71 surveys per block.

The necessary sample size for SP experiments is an ongoing debate in
the discrete choice modeling literature (de Bekker-Grob et al., 2015;
Sriwastava and Reichert, 2023; Yang et al., 2015). There is no univer-
sally accepted approach or formula to compute the sample size for SP
experiments. Finding research with relatively small samples (between
70 and 120 surveys) is possible. Some studies suggest that 75-100 in-
terviews per population segment may be appropriate (Swanson et al.,
1992). In turn, Bliemer and Rose (2009) propose an approach to esti-
mate the minimum sample size, which depends on having available
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(a) Residential environment

Characteristics: Sidewalk width less than 1.5 m,
in goad condition, without people, with fences.

Characteristics: Sidewalk width greater than 1.5 m,
in good condition, without people, with obstacles.

(b) Commercial environment

Characteristics: Sidewalk width greater than
1.8 m, in good condition, without people, with
obstacles.

Characteristics: Sidewalk width less than 1.2 m,
in good condition, without people. with obstacles

Fig. 2. Survey alternative examples (©Google, 2020).

Table 5
Indicators for perceptions and attitudes and latent variables associated with.
Statements Latent
Variable
1 feel safe walking here. Safety
This space allows me to walk with friends.
1 feel protected from vehicles.
This area is comfortable for walking. Comfort

An elderly person or someone with a disability can walk through this
area without issues.
Walking on this sidewalk seems stressful to me.

parameter values. We follow the "rule of thumbs" recommendations by
Ortiizar and Willumsen (2024) and Louviere (2000). Nevertheless, we
compute the minimum sample size following Orme (1998) to establish a
minimum reference value. Using this approach, we obtain a minimum
sample size of 125 individuals, a number that is below our actual
number of surveys (see Appendix A).

Table 6 presents the main descriptive statistics of the sample.
Compared to the data from the latest census (DANE, 2018), the sample
presents similar characteristics to those of the population in the two
cities studied. The gender distribution is quite similar, with a slightly
higher percentage of women than men. The distribution of households
by socioeconomic stratum is also similar, with the higher strata (5 and 6)
representing the smallest percentage in both the population and our
sample.

The surveys were almost equally distributed between men and
women, with women representing 50% in the commercial sector and
52% in the residential sector. Regarding the age of the respondents, the
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Fig. 3. Location of the two studied cities.

most represented group in the commercial sector was between 27 and 36
years old, while in the residential sector, it was between 18 and 26 years
old. In both sectors, the age ranges with the lowest proportion of re-
spondents were those under 18 and those over 56.

People were asked what their primary mode of transportation was or
the one they used most frequently for non-routine trips such as errands
or visits to identify which respondents favored walking over other
modes. It was found that, of those surveyed with images of the com-
mercial sector, only 10% frequently walked, and 8% used bicycles,
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Table 6
Comparison of survey sample characteristics with 2018 census data for Bar-
ranquilla and Santa Marta.

Census data
Barranquilla ~ Santa
Marta®

Sample
Category Commercial ~ Residential

Sector Sector

Gender
Male
Female

49% 48% 48% 48%
50% 52% 52% 52%
Prefer not to answer 1% - - -
Age

18-24 years

25-34 years

35-44 years

45-54 years

Over 55 years
Socio-Economic Stratum

1 4%

2 37%

3 42%

4 15%

5

6

30%
23%
22%
15%
10%

38%
27%
16%
14%

5%

17%
22%
19%
16%
26%

19%
23%
20%
16%
22%

24%
20%
34%
18%
2%
2%

42%
23%
20%
9%
3%
2%
1%

41%
20%
28%
5%
1%
2%
3%

2%
1%

Does not have/not - -
know

Education Level
High School
Postgraduate
University Degree
Technical/
Technologist

Owns a Car?
Yes
No

Owns a Motorcycle?
Yes
No

Owns a Bicycle?
Yes
No

Modes of Transport
Walking
Bicycle
Motorized Modes
Private
Transportation (Car
and Motorcycle)
Public Transport

Others

46%
10%
22%
22%

40% - -
10% - -
26% - -
23% - -

31%
69%

28% - -
72% - -

25%
75%

18% - -
82% - -

38%
62%

38% - -
62% - -

10%

8%
82%
53%

5%
10%
85%
49%

29%
2%

22%
5%

21% 17%

28%
1%

36%
0%

36%
12%

39%
17%

2 Private Transportation does not include Motorcycles (Financiera del Desar-
rollo Territorial., 2016).

compared to motorized modes, which were the most used by 82% of the
sample (32% cars, 28% public transportation, 21% motorcycles, and 1%
others). Likewise, motorized modes were prioritized by the residential
sector sample, accounting for up to 85% (36% public transportation,
28% and 21% motorcycles). In comparison, active modes only repre-
sented 15% of the sample, with walking being the least used mode for
regular trips. However, since public transportation users in Colombia
must walk to access the service, almost 40% of the respondents
frequently walk during one stage of their trip.

Of the total respondents, the majority belonged to socioeconomic
stratum 3, followed by strata 1 and 2, indicating a middle to low-income
level. 46% of the individuals in the residential sector sample had
completed high school, and 40% in the commercial sector, followed by
those who had attained a university degree with 22% and 26%,
respectively, and those who had completed technical and technological
studies with 22% in the residential sector and 23% in the commercial
sector, while only 10% had completed postgraduate studies in both
contexts. Of the total sample, less than 40% of respondents had a car at
home, and less than 25% owned a motorcycle.
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4. Model estimation results

A meticulous decision-making process characterized our modeling
approach. We began the estimation with a multinomial logit (MNL)
model, defining the initial parameters for each attribute: sidewalk
width, the presence of obstacles, pedestrian density, and the condition of
the sidewalk. We also evaluated the presence of fences and shades in the
residential sector; since the last attribute was not significantly different
from zero, we excluded it from the analysis for both residential and
commercial environments.

We implemented the ranking explosion and evaluated the models,
only to find that the fit obtained was inferior to those without explosion.
This thorough evaluation led us to prefer the latter. We then introduced
an error component through the well-known pseudo-panel effect to
identify the correlation between each individual’s different responses
(Orttizar and Willumsen, 2024). However, these components were not
significantly different from zero, compelling their exclusion from the
final specification.

Expanding on the base model, we estimate two Hybrid Choice
Models (HCM), including latent variables safety and comfort. The HCM
has two components. The first component is an SEM-MIMIC model,
which is typically employed to uncover latent variables, such as indi-
vidual attitudes and perceptions, by identifying relationships or corre-
lations between observed attributes and unobserved attitudes or
perceptions (Bollen, 1989). Latent variables are explained by the so-
cioeconomic characteristics of the individuals and the physical attri-
butes of each alternative. Simultaneously, the latent variables explain
six perception indicators through the measurement equations, three for
each variable, following the minimum recommended by the literature.

The second component of the HCM is a Discrete Choice Model (DCM)
that represents individual preferences by modeling decisions in real or
hypothetical scenarios. HCM incorporates latent variables into the in-
dividual’s utility function, providing insight into how attitudes and
perceptions, which cannot be directly observed, may influence the
decision-making process and enabling the representation of preferences
by computing choice probabilities for each alternative. Thus, the capa-
bilities of modeling latent variables of the SEM-MIMIC approach are
combined with the possibility of modeling individual choices of the
DCM. Moreover, unlike the SEM-MIMIC approach, the HCM allows for
computing the relative marginal valuation of latent variables and
qualitative attributes, which is helpful for the economic evaluation of
projects.

The structure of the HCM models for the commercial and residential
sectors are detailed in Fig. 4a and b, respectively. Indicators 1, 2, and 3
are related to the safety variable, while indicators 4, 5, and 6 are related
to the comfort variable. Additionally, the width, condition, pedestrian
density, and obstacles on the sidewalk could be related to both variables
in the commercial sector. In the residential sector, attractiveness and the
presence of fences in adjacent houses were also considered. It is
important to note that the indicators are specific to each alternative.

The utility of each alternative is a linear function of the two latent
variables. Note, however, that the utility function depends indirectly on
the attributes of the built environment depicted in the images and the
individual’s characteristics since the latent constructs are functions of
the environmental attributes and the respondents’ socioeconomic
characteristics.

Table 7 presents the estimates obtained from the hybrid models for
the commercial and residential sectors. Focusing on the latent variable
safety in the commercial context, it can be inferred that sidewalk width is
significant, and its positive sign indicates that the wider the sidewalk,
the greater the sense of safety (Ferreira et al., 2022). The opposite occurs
with obstacles, where the negative sign indicates that people perceive a
sidewalk with obstacles as unsafe (Ferrer et al., 2015; Le et al., 2021;
Narayanan, 2020). The presence of pedestrians on sidewalks positively
affects the perception of safety. This may be because having more people
in the same space makes pedestrians feel accompanied.
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(a) Commercial sector

Sidewalk
condition

IND1: | feel safe walking here

IND2: This space allows me to walk with friends

IND3: | feel protected from vehicles

IND4: This area is comfortable for walking

IND5: An older person or someone with disability
can walk through this area without issues

IND6: Walking on this sidewalk seems stressful to
me

IND1: | feel safe walking here |

IND2: This space allows me to walk with friends |

IND3: | feel protected from vehicles |

IND4: This area is comfortable for walking |

INDS5: An older person or someone with disability
can walk through this area without issues

IND6: Walking on this sidewalk seems stressful to
me

Fig. 4. Hybrid choice model structure.

In the residential sector, the perception of safety follows a similar
pattern, with sidewalk width, presence of obstacles, and pedestrian
density playing key roles, as seen in the commercial sector. The differ-
ence between the two contexts can be better understood by examining
how individuals’ socioeconomic backgrounds interact with the built
environment attributes. For instance, sidewalk width is more significant
for individuals from lower socioeconomic strata than those from middle
and upper strata. This may be because sidewalks in lower-income areas
tend to be narrower or may not exist at all.

When it comes to obstacles, individuals over the age of 44 feel less
safe encountering them than younger people. This could be attributed to
the decline in agility and ability to navigate obstacles often associated
with aging or the fear of falling (Gebremariam et al., 2024; Doulabi
et al., 2021). Aesthetically attractive areas are generally perceived as
safer. However, contrary to our expectations, women do not feel safer in
attractive environments compared to men. The presence of pedestrians
plays a crucial role in improving perceptions of safety, likely due to the
increased sense of social control (Arellana et al., 2020a; Guzman et al.,
2022; Hurtubia et al., 2015). The condition of the pedestrian walkway
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was also found to be highly significant in shaping safety perceptions.

On the other hand, when homes are fenced, the sense of safety de-
creases. According to our model, women feel less safe in the presence of
fences compared to men, possibly due to the feelings of isolation and
reduced social control that fences can induce (Herrmann-Lunecke et al.,
2021; Iglesias et al., 2013).

In the analysis of the latent variable comfort, sidewalk width emerges
as a highly influential attribute in both commercial and residential
sectors, highlighting that wider sidewalks contribute significantly to a
greater sense of pedestrian comfort (Herrmann-Lunecke et al., 2021).
This is consistent across both settings, but the impact of other variables
reveals notable differences between the two environments.

In the commercial sector, obstacles such as informal vendor stalls
and other objects that invade public spaces substantially increase
discomfort, especially for individuals over 44 years old. This suggests
that older pedestrians experience more difficulty navigating commercial
areas when faced with obstacles, likely due to reduced mobility
(Herrmann-Lunecke et al., 2021). Additionally, the presence of pedes-
trians harms comfort perceptions, possibly due to crowding, which
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Table 7
HCM model results.
Model Component Attribute HCM Commercial Estimate (t-test) HCM Residential Estimate (t-test)
Safety Structural Equation Width 1 0.683 (11.11) 0.299 (5.53)
Low stratum - - 0.213 (4.45)
Width 2 1.491 (25.10) - -
Pedestrians 0.098 (1.95) 0.238 (5.52)
Obstacles —0.389 (-8.65) —0.103 (-2.00)
Age > 45 years - - —0.319 (-3.67)
Condition - - 0.250 (5.27)
Fence - - —0.002 (-0.03)
Female - - —-0.262 (-4.25)
Attractiveness - - 0.567 (7.54)
Female - - —0.152 (-1.67)
Measurement Equation IND1 2.452 (18.37) 2.847 (16.11)
IND2 2.442 (18.18) 2.109 (19.16)
IND3 1.476 (21.62) 1.566 (20.24)
Comfort Structural Equation Width 1 0.470 (7.55) 0.660 (14.40)
Width 2 1.306 (22.39) - -
Pedestrians —0.169 (-3.51) - -
Obstacles —0.497 (-10.00) —0.563 (-12.61)
Age > 45 years -0.195 (-2.68) - -
Condition 0.175 (3.75) 0.485 (10.54)
Age > 45 years - - —0.251 (-3.04)
Attractiveness - - 0.526 (7.86)
Female - - —0.348 (-4.25)
Measurement Equation IND4 3.179 (15.96) 3.535 (14.56)
IND5 2.930 (16.90) 2.326 (19.83)
IND6 1.475 (20.61) 1.312 (20.45)
Choice model Safety 0.714 (8.23) 0.733 (7.69)
Comfort 0.226 (3.05) 0.778 (9.21)
Number of observations 976 1096
Log-likelihood —955.08 —1085.43

contrasts with the positive impact of pedestrian presence on safety
(Ferreira et al., 2022). On the other hand, the condition of the sidewalk
plays a key role in comfort, with well-maintained surfaces making
walking more pleasant for all pedestrians, regardless of age.

In the residential sector, comfort is influenced by a different set of
preferences. While sidewalk width remains significant, obstacles
become the most penalizing factor for all pedestrians. Interestingly,
sidewalk condition is the second most influential factor in this setting,
contributing positively to the perception of comfort (Herrmann-Lunecke
et al.,, 2021). However, for older adults, improvements in sidewalk
conditions do not significantly enhance comfort, which may suggest that
their discomfort stems from factors beyond physical infrastructure, such
as reduced mobility or increased sensitivity to obstacles (Arellana et al.,
2020a; Guzman et al., 2022). Moreover, the area’s attractiveness
notably shapes comfort perceptions, particularly in residential environ-
ments. However, women do not feel more comfortable in aesthetically
pleasing environments than men. A similar result was found by Basu
et al. (2022), who concluded that women tend to have a lower percep-
tion of attractiveness.

Regarding perception indicators, the latent variable safety greatly
contributes to people feeling safe on a sidewalk. Additionally, the
perception that a sidewalk with certain physical characteristics allows
walking in the company of others and protects pedestrians from vehicles
on the roads is also explained by a high sense of safety. The sensation of
comfort positively influences the perception that the space allows for
pleasant and comfortable walks and that pedestrians with mobility re-
strictions (elderly and/or people with motor disabilities) can transit
without difficulties. Furthermore, the greater the individual’s sense of
comfort, the less stressful they perceive walking on the sidewalk. The
models indicate that the estimated parameters related to the safety and
comfort latent variable are positive and significant in both sectors.

The estimated parameters for the explanatory variables do not
directly indicate the magnitude of their effect on individuals’ prefer-
ences. However, we can assess which variables most affect preferences
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by analyzing how a change in one attribute of an alternative impacts the
probability of choosing that option. Since dummy variables describe
environmental attributes, we first estimate the probability that indi-
vidual q would choose alternative j when attribute X; is set to 0 and then
again when it is set to 1, keeping other attributes constant (Fountas and
Anastasopoulos, 2017; Washington et al., 2020). We then calculate the
semi-elasticity as the percentage change in probability when attribute X;
shifts from O to 1 and aggregate the results using sample enumeration.

For example, the first value in Table 8 indicates that the probability
of choosing an alternative, increases by 34.5% when the variable "Width
1" equals 1 (i.e., when the sidewalk width ranges from 1.2 m to 1.8 m)
compared to when it is O (i.e., when the width is below 1.2 m).

As expected, the attribute that most impacts choice probability is
sidewalk width, as it positively affects both safety and comfort. However,
sidewalk width has differing effects in commercial and residential sec-
tors. In the commercial sector, the sidewalk’s width has an increasing
marginal value. For instance, increasing the width from 1.0 mto 1.2 m
raises choice probability by 35%, while an increase from 1.0 m to 1.8 m
raises it by 114%. In contrast, in the residential sector, an increase in
sidewalk width from 1.0 m to 1.2 m has the same effect as an increase to
1.8 m, raising choice probability by 50%. This indicates that increasing
sidewalk width above 1.2 m does not yield additional gains in the res-
idential sector. However, it is important to note that this result is based

Table 8
Semi-elasticities estimates.

Attribute Commercial Sector Residential Sector
Width 1 (1.2 m-1.8 m) 35% 50%

Width 2 (>1.8 m) 114% -

Pedestrians 2% 8%

Obstacles —19% —23%

Condition 20% 29%

Fence - —5%
Attractiveness - 33%
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on images shown to respondents, generally with widths below 1.8 m,
which aligns with the reality in Colombia, where residential sidewalks
are rarely wider than this. Consequently, our model cannot estimate the
valuation of sidewalk widths above this threshold. In contrast, com-
mercial sidewalks in Colombia often exceed 1.8 m, allowing us to
conclude that pedestrians value wide sidewalks more in commercial
areas.

The attractiveness of the built environment is the second most
influential factor in the residential sector, primarily because it improves
both safety and comfort. The third most influential attribute is the con-
dition of the sidewalk. Improving sidewalk condition increases choice
probability by 29% in the residential sector and 20% in the commercial
sector. This factor has a stronger impact in residential areas because it
affects both latent variables, whereas in commercial areas, it only in-
fluences comfort. Conversely, fences only reduce choice probability by
5%, primarily affecting women’s perception of safety, while men’s
perceptions remain largely unaffected.

Interestingly, while the presence of other pedestrians affects safety
and comfort perceptions in the commercial sector, it has a low effect on
choice probability. This is because crowding increases safety but almost
offsets this with reduced comfort, resulting in a low net positive effect on
pedestrian valuation. In residential areas, having more pedestrians does
not impact comfort; thus, only the improvement in safety perception
influences individuals’ valuation of crowding.

5. Policy recommendations

The results of our model provide valuable guidance for urban policy
recommendations. First, sidewalks in Colombian cities are typically
narrow, discontinuous, uneven, and cluttered with obstacles (see
Fig. 2a). According to our findings, these poor conditions harm per-
ceptions of comfort and safety in both commercial and residential areas,
particularly for older, low-income pedestrians. Local authorities should
initiate public space improvements to widen sidewalks to over 1.5 m in
residential areas and over 2.0 m in commercial zones. In Colombia, the
standard for sidewalks defines that they must be at least 1.2 m wide.
However, smaller widths are frequently observed. Footways 1.2 m wide
do not allow for the comfortable movement of pedestrians in wheel-
chairs or with prams. Extending the minimum width to 1.5 m in resi-
dential areas and 2.0 m in commercial areas increases perceptions of
safety and comfort, encouraging walking.

These interventions must also ensure that sidewalks are continuous
and even, improving not only comfort and safety perceptions but also
accessibility for all pedestrians. Additionally, fixed obstacles such as
utility poles are commonly found on sidewalks; therefore, these projects
should include undergrounding public service networks. Measures to
prevent sidewalk encroachment by vendors and vehicles should also be
part of the planning.

Our results highlight the impact of built environment aesthetics on
perceptions of safety and comfort in residential areas, particularly among
men. Local authorities should consider redesigning public spaces to
incorporate urban furniture, plants, and green areas strategically placed
to enhance urban aesthetics without compromising walkability. Addi-
tionally, monetary incentives for low-income homeowners to amend
their facades could be considered a tool to improve perceptions of the
built environment.

Local authorities may also consider revising fence regulations. While
residents often use fences to deter robbery and crime within buildings,
recent studies suggest they have minimal impact on crime rates
(Adzande and Gyuse, 2017; Marks and Overall, 2015; Calonge-Reillo,
2022). However, our study and others have found that fences negatively
affect pedestrians’ sense of safety, especially among women
(Herrmann-Lunecke et al., 2021; Iglesias et al., 2013). Thus, restricting
fences to households with specific security needs may be beneficial.

Adjustments to real estate regulations should also be made. For
example, new developments should include sidewalk improvements in
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their surroundings, and all new urban projects should meet high walk-
ability standards. Land-use diversity should also be promoted by
incentivizing the establishment of local shops and other amenities
within walking distance of residential areas. However, sidewalk im-
provements, including more generous widths, should complement these
policies to prevent pedestrian crowding and discomfort.

It is essential to involve the real estate sector in improving sidewalk
conditions. To a large extent, discontinuities and obstacles in pathways
are the result of interventions by builders and owners. Incentives and
regulations should be designed so that the real estate sector participates
in programs to recover and extend sidewalks. Also, more control by
planning authorities is required.

6. Conclusions

In this paper, we evaluated the influence of infrastructure attributes
on pedestrian perceptions in commercial and residential environments
using data from two Colombian cities: Barranquilla and Santa Marta. We
employed a novel instrument that combines a choice experiment using
authentic images with a set of perception indicators to capture pedes-
trian preferences. HCM models were estimated for each sector, incor-
porating two latent variables: comfort and safety.

Our results highlight key differences between residential and com-
mercial sectors relevant to policy formulation. In the residential sector,
fences and building aesthetics influence safety perceptions, especially
among women, whereas these variables are not influential in the com-
mercial sector. Sidewalk width is more relevant for safety among low-
income individuals in residential areas, while it holds broader impor-
tance for all individuals in commercial areas. For comfort, older in-
dividuals are more affected by the presence of obstacles in the
commercial sector, although they are less impacted by sidewalk condi-
tions in residential areas.

It is relevant to note the limitations of this research. First, since the
surveys used real images from Google Street View, respondents may
have considered characteristics not captured by our survey when
ranking their preferences. Our model relies on latent variables to miti-
gate bias or inconsistencies in parameter estimation due to these omitted
variables. However, including additional control variables or exploring
alternative methods to address this issue could be a valuable direction
for future research. The use of immersive virtual reality (Arellana et al.,
2020b) can be useful to mitigate the restrictions of static images.

Second, only two latent variables were included in our model. Other
constructs, such as individuals’ environmental attitudes, predisposition
to walk, or enjoyment of public spaces, could also affect pedestrian
perceptions and preferences. Expanding the model to include these
variables, perhaps by combining the HCM model with latent-class
models, could be a natural extension of this research.

Third, due to COVID-19 restrictions, we conducted online surveys,
which may have limited participation from individuals with restricted
internet access or lower digital literacy. This limitation may be partic-
ularly impactful in developing countries like Colombia, where internet
access is limited. Although we took measures to minimize representation
issues, comparing our findings with results from in-person surveys could
be essential to validate our conclusions. Finally, integrating psycho-
logical theories, such as the theory of planned behavior or theories on
risk perception and well-being, could also be explored in future studies.
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APPENDIX A. SAMPLE SIZE

The minimum sample size for this experiment was calculated by a commonly used rule of thumb in discrete choice experiments proposed by Orme
(1998). Orme’s formula states that the number of respondents N is given by:
c
N >500—
tea
where ¢ represents the largest number of levels of any attribute, t is the number of choice sets each respondent faced, and a represents the number of
alternatives. For our design, the largest level of the attribute is three (sidewalk width in the commercial sector, see Table 3). Four choice sets are

presented, and three alternatives are faced for each respondent. Therefore, the minimum number of respondents is 125, a number that is below our
actual number of surveys.

APPENDIX B. EXAMPLE OF THE SURVEY

COMMERCIAL SECTOR RESIDENTIAL SECTOR

De a3 tres altermativas presentadss, escola i que 1o su preferda y ks mencs
Die o tres alternativas presentadan, eocoia la gue sea su prefends y s menos

prefends para caming *

preferica pars caminar *

. Alternativa 1
Alternativa 1

Alternativa 2

Alternativa 2

Alternativa 3
Alternativa 3 : -

Altemnatva prefends
Alverrasivn preferids

alternatra merce
Alerrartive mence - - ereferda
preferica .

Fig. 5. Examples of a choice scenario for the commercial (left) and residential (right) sector.
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Me siento seguro caminando agud *

1 2

Muy en desscuerde

1 2

Muy en desacuerde

Me siento protegido de los vehiculos *
1 2

My en desscuerds

Cansidere el espacio plblico, & entomo urbano y las edficaciones de la imagen mostrada
amiba. Indigue que 1an de scwerdo con estd usted con les sigulentes afemaciones:

Port favor respands én une escala de 1 a 5 donde 1 es “ruy en desacuerdd” y 5 ey de
acyerdo’

k]

o O ©

Este espacio me permite caminar con amigos *

3

c O O

i

o 0 0O
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4 5

O O muydeamerds
4 4

o o Muy de acuerda
4 5

QO O muydeanienso

Fig. 6. Examples of the perception questionnaire for one alternative.

Data availability
Data will be made available on request.
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