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Abstract

Several service and performance indicators (SPIs) have recently been developed to evaluate pedestrian infrastructures, such
as different walkability indexes and pedestrian level of service (P-LOS). Given that stress has become a popular SPI for bicy-
clists (level of traffic stress [LTS]), this study addressed stress for pedestrians as an SPI by relating measurable attributes of
different urban street segment environments with pedestrian perceived stress. A stress-based pedestrian SPl was proposed
to classify street segments into four levels of pedestrian stress. A total of 1,043 pedestrians across 30 segments in Bogota
were surveyed about their perceived stress. Multimodal traffic counts, location audits, and layout dimensions were collected
in each segment to estimate an ordered probit model that explained four stress categories. Physical infrastructure attributes
and traffic operational conditions were found to affect perceived stress at given locations. The similarities between the pro-
posed stress index with the LTS and P-LOS are discussed, and the proposed SPI is applied to pedestrian infrastructure plan-
ning and design in light of sustainable transportation goals.
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Various indicators have been used in recent decades to
assess pedestrian infrastructure service or performance.
A variety of measurements or service and performance
indicators (SPIs) for pedestrian infrastructure have been
developed, relating measurable elements of a given road
segment with a perceived proxy of the service or perfor-
mance. Thus, any pedestrian SPI defines a single service
or performance variable (e.g., quality of service [QoS],
comfort, satisfaction, or stress) as being related to vari-
ous measurable characteristics (e.g., traffic volume,
pedestrian density, traffic speed, interaction with other
street users, geometry). One commonly used SPI is pedes-
trian level of service (P-LOS) (7), introduced in 1985. P-
LOS has been evolving from its early stages, where user
density was the only input, to its current multivariable
and multimodal approach. Other indicators, such as the
walkability index (2—5), were introduced before the 2000s
and also incorporated measures from both operational
and physical attributes related to the infrastructure.
However, despite these developments, stress has not been
commonly used as an objective variable in the design of
SPIs that evaluate the effect of measurable characteristics
on this psychological response.

Psychological stress can be defined as an adaptative
response to an identified stimulus that leads to changes
in an individual’s psychological and physiological equili-
brium (6). These changes are associated with each per-
son’s coping strategies and can affect their task
performance and decision making (6, 7). In the transport
literature, psychological stress has been found to influ-
ence travel-related decisions because stressful situations
have a negative impact on emotional and behavioral
responses (8). For example, some studies have revealed
that stressors such as traffic congestion, noise, and pollu-
tion are associated with learned helplessness (9). Others
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have found stress to be one of the most relevant affective
factors related to the commute (8), and proposed that
stress is the polar opposite of relaxation and, as a nega-
tive affective response, is related to avoidance behaviors
in relation to situations and places (10—12).

From the perspectives of transportation and develop-
ment, increasing walking and bicycling in cities is critical
to enhancing urban sustainability (/3—15). Understanding
how the built environment affects behavioral and psycho-
logical responses is key to encouraging commuters to
choose nonmotorized modes. Although stress was ini-
tially explored as an SPI for pedestrians in the 1990s (16),
its use and application were not extensively endorsed. In
contrast, a recently developed SPI to assess stress in bicy-
clists, called level of traffic stress (LTS), has become pop-
ular worldwide and has recently been implemented in a
variety of studies (including Furth et al. [/7]; Huertas
et al. [/8]; and Mekuria et al. [/9]). LTS is an SPI that
evaluates the level of stress experienced by bicyclists in a
street segment or at an intersection. It is a practical meth-
odology in which any street can be classified into four
stress levels, each of which is associated with a type of
user that can ride on it. Thus, LTSI indicates the lowest
possible level of stress and means that the most inexper-
ienced users can tolerate riding their bicycles on such
infrastructure. Conversely, LTS4 means that only the
most experienced users can use such infrastructure given
its conditions and the skills required to use it. This LTS
model evinces that bicyclists’ stress levels are related to
the contexts while traveling. Furthermore, the evidence
shows that nonmotorized users also perceive their con-
texts and that such perceptions directly affect SPIs (20,
21). The previously mentioned similarities imply that the
estimation of a pedestrian stress SPI could provide infor-
mation relevant to promote walking in the same way LTS
provides information on strategies to promote bicycling.

Accordingly, identifying the physical characteristics
and operational attributes of a given street segment that
relate to different stress levels could provide insights for
policy making into the design and implementation of
sidewalks that are attractive to pedestrians. This study
proposed a stress-based pedestrian SPI for urban side-
walks using objectively measurable right-of-way (ROW)
attributes, both geometric and operational. An in-person
survey was administered to 1,043 pedestrians, and a
series of measurements were conducted in 30 different
street segments in Bogota, Colombia. Multimodal traffic
counts, location audits, and layout dimension measure-
ments were collected to estimate an ordered probit model
with four categories (to make it similar to the bicycle
stress indicator). The proposed stress indicator, its rele-
vance in light of current SPIs, and its applications are
discussed. This study contributes to the literature by

providing a specific SPI that, based on LTS, assesses
pedestrian stress on urban sidewalks. The SPI only
assesses sidewalks and not intersections and considers
actual on-site pedestrian stress perceptions. It charac-
terizes the role of two different groups of attributes (i.e.,
infrastructure- and operation-related) as stress explana-
tors for pedestrians on the ROW.

Literature Review

The emotional and behavioral responses of pedestrians
and cyclists, and their perceptions, are influenced by sti-
muli from the built environment (77, 12, 22) as a result
of their constant and direct interactions (23, 24). One of
these emotional responses is stress. In transportation,
stress has been the subject of research, especially explor-
ing its relation to and effects on health (25), quality of
life (26, 27), and livability (28). Stress has also been com-
monly associated with personality traits (29) and built
environment characteristics (30). In nonmotorized trans-
portation, specifically for bicycling, stress (LTS) has been
used as an SPI. LTS is a methodology that classifies
bicycle infrastructure (i.e., segments and intersections)
into one of four levels of stress (/9). These levels reflect
the riding suitability that infrastructure provides for
bicyclists with different degrees of experience and toler-
ance for traffic conditions (i.e., from users with the least
tolerance—LTS1, to “strong and fearless” users—LTS4)
(17, 18, 31, 32). These tolerance levels are derived from
the bicyclist types found by sampling Portland’s popula-
tion, based on their willingness to use a bicycle (33) and
from further explorations of such groups (34). Bicyclists’
LTS evaluation comprises the measurement of tangible
attributes at the location, classified into two groups:
infrastructure-related attributes (e.g., geometric) and
operational attributes (e.g., traffic and interactions). In
the first set of attributes, standard measures include lanes
per direction, obstacle presence, presence of a buffer (i.e.,
parking lane beside the bike lane), and bike lane width.
Lanes per direction and obstacle presence increase stress
levels, whereas buffers and lane width reduce it. The
operational set of attributes includes speed limit or pre-
vailing speed, shared lanes, and traffic flow. These mea-
sures are positively related to stress levels (/7-19, 35).
LTS studies have shown that the stress response in
urban environments can influence travel-related deci-
sions. Low-stress networks, for instance, are attractive to
potential bicyclists (/7), whereas higher stress levels can
deter people from choosing bicycling as a mode of trans-
portation (35). Other transportation studies include
stress as an affective response toward commuting (7, 36).
For instance, it was found that there is a correlation
between low commuting stress and a positive attitude
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toward the mode used (36), which subsequently influ-
ences future behaviors and modal choices (37, 38). From
this perspective, stress correlates with active traveling
mode choice (39). Evaluating the level of stress an infra-
structure causes in its users is related to their traveling
behavior and decisions, especially when users are in
direct contact with the built environment, as is the case
for bicyclists and pedestrians (24).

However, for pedestrians, much less research has been
conducted on SPIs assessing stress, despite its potential
impact on people’s health (40). One of the initial studies
on pedestrian stress was conducted in the 1990s and pro-
posed comparing level of service (LOS) categories from
A to E and five stress levels. The higher the stress level,
the lower the LOS. Four primary variables that affect
pedestrians’ perceived stress were proposed: density
related to walkers, the presence of buffers, traffic volume,
and traffic speed (/6). These variables also coincide with
some of the variables used to estimate P-LOS based on
the Highway Capacity Manual multimodal LOS meth-
odologies (41). In the following years, new groups of
characteristics associated with the social and built envi-
ronment that influence pedestrians’ perceived stress were
found (42). From the social perspective, it is suggested
that a way to decrease perceived stress is by increasing
the level of trust associated with the neighborhood (42).
Built environment interventions can increase this trust
(i.e., increasing the presence of people and therefore
“eyes on the street” from outside buildings) (43). The lit-
erature also shows that higher pedestrian stress levels
result from high pedestrian density because of the higher
probability of personal space invasion in crowded envir-
onments (/2, 44). Furthermore, among the measures
used to describe arousal in an environment, noise and
pollution appeared in different studies as being positively
associated with stress (9, 11, 36)

Recently, perception-related variables have been com-
monly expressed through latent variables that include
users’ subjective aspects (45). Latent variable “discomfort”
was identified from different pedestrian perceptions,
including perceived stress (46). This latent variable influ-
ences pedestrian-perceived protection, surrounding, and
sidewalk characteristics to ultimately generate an indi-
rect effect on pedestrian perceived QoS when walking
on urban sidewalks (46). Other research has identified
objectively measured characteristics of the built envi-
ronment (i.e., median strip presence and buffer width)
and sidewalk operation (i.e., bicyclist presence) to
indirectly influence a latent variable with similar char-
acteristics (47).

Methods

The fieldwork for this study comprised infrastructure
audits, layout dimension measurements, and multimodal

traffic counts at 30 different locations in Bogota,
Colombia. The locations were selected to attain various
local characteristics and diversity in street typologies,
traffic, and built environments. Perceived stress was mea-
sured using an in-person survey administered to at least
30 pedestrians in each of the selected 30 sidewalks. A
total of 1,043 valid responses resulted from a systematic
pedestrian selection (of one in every three passersby) to
assure randomness and avoid biases such as self-selec-
tion. Each survey lasted an average of 8 min, and the
overall response rate was 33.2%. The sample’s age
(35years on average), gender (49.3% men and 50.7%
women), income level, and walking trips were distributed
similarly to the 2015 Bogota’s household travel survey
(48). The survey was applied from June 2 to June 19,
2018, during workdays from 08:00 to 18:00. The ques-
tionnaire included general perception questions and
sidewalk-related perception statements answered on an
11-point Likert scale (0 to 10). Overall perceived stress
was measured by considering the respondents’ level of
disagreement or agreement with the statement “walking
on this sidewalk is stressful” (where 0 is “totally dis-
agree” and 10 is “totally agree”). No further instructions
or clarifications were provided for the meaning of stress.
Overall stress was used in this study, given that the main
objective was to assess the relationship between on-site
objectively measured attributes and perceived stress.

Traffic counts were carried out simultancously with
the survey administration in 5-min periods and included
nonmotorized and motorized users. The audits were used
to assess the quality of the built environment (49), includ-
ing the measurement of sidewalks and buffer widths (i.e.,
the separation between the sidewalk and motorized traf-
fic including bicycle lanes, parked cars, and green infra-
structure), and the evaluation of the presence of potholes
and median strips, among others. Table 1 presents the
explanatory variables used in this study.

The buffer width is an on-site measurable objective
attribute that can be challenging to measure as it depends
on the sidewalk’s environment. For this study, the buffer
width was defined as the distance between the edge of the
motorized traffic infrastructure and the edge of the infra-
structure used for walking (i.e., the lateral separation
between the pedestrians and the motorized vehicles). The
main buffer typologies reported in the literature are no
lateral separation (i.e., buffer width = 0), lateral separa-
tion with no vertical barriers, and lateral separation with
vertical barriers (e.g., trees and on-street parking) (41).
These are schematized in Figure 1.

Two secondary variables were calculated based on the
on-site objectively measured attributes shown in Table 1
and Figure 1: pedestrian density and traffic volume.
Pedestrian density was calculated as the rate of pedes-
trian flow divided by the sidewalk’s effective width.
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Table I. On-site objectively measured and subjective attributes

Type Attribute Range/units
Dependent variable Perceived stress 0-10
On-site objectively Sidewalk width m
measured attributes  Buffer width (with the m
road)
Pedestrian flow—both Count
directions (5 min)
Bicycle flow on the road  Count
(5 min)
Motorcycle flow (5min)  Count
Car flow (5 min) Count
Bus flow (5 min) Count

Heavy goods vehicle flow Count
(5 min)

Motorized traffic speed  km/h

Pothole presence in Yes=1;n0=0
sidewalk surface™*

Median strip presence Yes=1;no=0

Note: See Figure | for a graphic description of the on-site measurable
objective attributes.

“Each sidewalk was visually assessed to evaluate pothole presence or any
condition that could be perceived as a pothole.

Motorized traffic volume was estimated through a pas-
senger car per unit (PCU) measure, considering several
types of vehicles on the road adjacent to each sidewalk.
The equivalences of vehicles to calculate the PCU were
adapted from Arasan and Arkatkar (50), and Equation 1
was used for the calculation.

PCU = 0.6 * (bicycle + motorcycle)

1
+ 1.4xcar + 2.2xbus + 2.3xHGV (M)

The average perceived stress for each location using
all the available survey responses was calculated. This

value was used as the dependent variable and the attri-
butes’ values (Table 1) as independent variables. Based
on the four discrete categories of the LTS by Mekuria
et al. (79), this study proposed four stress categories for
the level of pedestrian stress (LPS) (i.e., LPS1 = low,
LPS2 = medium-low, LPS3 = medium-high, and
LPS4 = high) related to the mean stress value calculated
for each location. Next, a parsimonious ordered probit
model (stepwise approach) was estimated to identify the
variables that significantly explained stress. To use
ordered probit models, an unobserved variable, z,
defined as a linear function of each observation, is calcu-
lated using Equation 2 (57),

z=BX+¢g (2)

where

X is the vector of the independent variables (i.e., objec-
tively measured attributes presented in Table 1),

B is the estimable coefficients vector associated with
the vector of the independent variables, and

¢ 1s the random disturbance term associated with z.

Based on Equation 2, it is possible to determine the
observed stress-level categories for each observation
using Equation 3,

low, z<p,
medium low, p,<z<pm,;
medium high, p; <z<p,
high, z=p,

LPS = (3)

where p is the thresholds defining the stress levels based
on the estimated z value (Equation 2). To estimate these
thresholds, an iterative process to maximize Nagelkerke’s
pseudo R? was used. Initially, four categories were estab-
lished assigning an arbitrary threshold (i.e., LPS1 under

Legend
1. Sidewalk width; 2. Buffer width; 3. Pedestrian flow; 4. Bicycle flow on road; 5. Motorcycle flow; 6. Car flow; 7. Bus flow;
8. Heavy goods vehicle (HGV) flow; 9. Vehicular speed; 10. Potholes presence; 11. Median strip presence.

Figure I. Schematic representation of the on-site objectively measured variables in the right-of-way (ROW).
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percentile 1, LPS2 between percentiles 1 and 2, LPS3
between percentiles 3 and 4, and LPS4 above percentile
4). With these initial thresholds, a first model was esti-
mated, whose Nagelkerke R? was the object of maximi-
zation. Subsequently, a new model was estimated,
varying the value of the thresholds by 1% in each step
(N = 156,849 steps), and in each of these steps,
Nagelkerke’s pseudo R” for the new estimated model was
compared with the previous one until the maximum
value for this measure was achieved. Once the maximum
value was reached, such thresholds were implemented to
define the best model. Equations 2 and 3 were adapted
from the literature (47, 51, 52), and, in this sense, positive
coefficients in the model (Equation 2) are associated with
higher stress levels, whereas negative coefficients are
associated with lower stress levels.

Finally, the proportional contribution of each attri-
bute on the perceived stress was calculated to quantify
and compare the attributes’ influences on stress. To cal-
culate the proportional contribution of each attribute,
Equation 4 was used, based on different proportion
calculations proposed in research by Ortuzar and
Willumsen (45),

|B,*Yi
> 1By * Xj|

proportional contribution; =

4)

Results and Analysis

The model results showed that both infrastructure and
operational attributes significantly influenced the mean
stress level ratings or LPS of sidewalks. The infrastructure

Table 2. Ordered Probit Model Results

attributes that significantly explained the LPS were the buf-
fer width, the presence of potholes on the surface of the
sidewalk, and the presence of a median strip. In turn, the
relevant operational attributes are those related to pedes-
trian volume and density, and motorized traffic (PCU) vol-
ume and speed (Table 2). Having developed the iterative
process that was implemented to maximize Nagelkerke’s
pseudo R?, the first LPS was found to be below a location’s
stress average of 2.457 (four sidewalks and 12.4% of the
observations); the second was between 2.457 and 4.285 (16
sidewalks and 53.7% of the observations); the third was
between 4.285 and 4.916 (six sidewalks and 20.3% of the
observations); and the fourth level was above 4.916 (four
sidewalks and 13.6% of the observations). The lowest
mean stress value was 1.54 (Figure 2a) and the highest 5.54
(Figure 2n). The mean stress of the 30 locations was 3.69
(i.e., LPS2). Figure 2 shows four examples of the audited
locations for each LPS and their corresponding mean stress
value.

LPS can be determined based on the value for the
unobserved variable z in Equation 5 and the estimated
thresholds presented in Table 2, according to Equation 3,

z = —0.5692+«BW + 0.9338+«PP — 0.1716xMSP
— 0.0040«PV + 7.9716+PD + 0.0005+« TV (5)

+ 0.0075« TS
where
BW= buffer width (m),
PP = potholes presence on the sidewalk surface

(yes = 1/no = 0),
MSP = median strip presence (yes = 1/no = 0),
PV = pedestrian flow—Dboth directions (5 min),

Estimate SE t-value p-value Significance
Thresholds
LPS I | LPS 2 ( ) —1.5608 0.1285 —12.146 0.000 ok
LPS2 | LPS3 () 0.5938 0.1230 4.826 0.000 ok
LPS 3 | LPS 4 ( ,) 1.7469 0.1329 13.132 0.000 ok
Infrastructure
Buffer width (m) —0.5692 0.0338 —16.801 0.000 ok
Potholes in sidewalk surface (yes = 1/no =0) 0.9338 0.0883 10.568 0.000 ok
Median strip presence (yes = |/no=0) —0.1716 0.1006 —1.705 0.088
Operational
Pedestrian density (ped/effective width) 79716 1.2934 6.163 0.000 ok
Motorized traffic speed (km/h) 0.0075 0.0034 2.233 0.025 *
Pedestrian flow—Dboth directions (5 min) —0.0040 0.0018 —2.137 0.032 *
PCU (5 min) 0.0005 0.0003 1.690 0.091
Nagelkerke’s pseudo R* 0.4960
McFadden’s pseudo R 0.2521
AIC 1,873

Note: LPS = level of pedestrian stress; PCU = passenger car per unit; AIC = Akaike information criterion; SE = standard error.

p <0.100; *p < 0.050; **p < 0.010; ***p < 0.001.
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Figure 2. Level of pedestrian stress (LPS) street classification for 16/30 cases and average perceived stress (with .54 =lowest stress and

5.54 =higher stress).

PD = pedestrian density (pedestrian volume/effective
width),

TV = PCU (5min), and

TS = Motorized traffic speed (km/h).

When assessing the results for their positive and nega-
tive impact on LPS, it was found that the attributes both
increased and decreased the LPS, as shown in Table 2.

Buffer width, median strip presence, and pedestrian flow
were associated with lowering the LPS. In contrast, pot-
holes on sidewalks, pedestrian density, and motorized
traffic speed and volume were associated with LPS
increases. When both groups (i.e., those positively and
negatively associated with stress) were evaluated for their
proportional contribution to the total effect on z, both
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Table 3. Proportional Contribution to Level of Pedestrian Stress

Contribution  Effect
Attribute percentage on LPS
Infrastructure 60.42%
Buffer width (m) 39.13% -
Pothole presence on the sidewalk 18.31% +
surface (yes = I/no=0)
Median strip presence (yes = |/no=0) 2.97% -
Operational 39.57%
Pedestrian density (ped/effective 21.13% +
width)*
Motorized traffic speed (km/h) 8.76% +
Pedestrian flow—both directions 6.84% -
(5 min)
PCU (5 min) 2.82% +

Note: PCU = passenger car per unit; LPS = level of pedestrian stress.
*Pedestrian density was included only on operational variables since it
refers to the pedestrian operation normalized by the effective width.

were found to have almost the same effect on LPS.
Attributes increasing the LPS accounted for 51.1% of
the total effect of the attributes on z, whereas attributes
decreasing the LPS accounted for 48.9% of the total
effect. In relation to the sets of attributes (i.e., infrastruc-
ture- and operation-related), the influence of infrastruc-
ture attributes on LPS were found to be greater than
operational ones. Table 3 shows the proportional contri-
bution of each group of attributes on LPS.

Given these results, it was proposed that increasing
the buffer width would decrease LPS, whereas the oppo-
site would occur with the presence of potholes on the
surface of the sidewalk. More specifically, whereas buffer
width is indirectly related to operational attributes
because it measures the separation between the pedes-
trians and moving vehicles, the presence of potholes
directly measures the sidewalk’s condition. Based on the
data presented in Table 3, the impact of buffer width
greatly exceeded the impact of vehicular flow or speed,
highlighting this infrastructure attribute as the most rele-
vant attribute in relation to LPS reduction. The lack of
sidewalk maintenance seemed to cause the greatest rise
in LPS because of the presence of potholes, which make
it difficult to walk on sidewalks. This result is supported
by the literature that highlights the relationship between
potholes, poor maintenance, and unsafe spaces (53).
Furthermore, uneven sidewalks are a consequence of the
presence of potholes, and such conditions can be associ-
ated with a risk of falling or of posing obstacles to pedes-
trians, including those that have reduced mobility (54).

With reference to the impact of motorized traffic on
LPS, vehicular flow and speed were found to have a small
but significant effect on LPS. As identified in the litera-
ture, noise and pollution are correlated with stress (9, /1,

12, 36), which explains the effect of motorized traffic on
pedestrians. However, according to the results, variations
in traffic flow and speed conditions had fewer effects on
LPS compared with infrastructure-related attributes.
This finding has implications for physical interventions
that are intended to mitigate stress. Intervening and mod-
ifying traffic operations in urban contexts require pricy,
multiagency efforts, but intervening and maintaining
sidewalks could be established as a much easier strategy
to affect pedestrian perceived stress. Given that the physi-
cal conditions of sidewalks affect LPS the most, decision
makers could focus their interventions on these condi-
tions first and more rapidly.

It was found that high or low LPS could not be
strictly associated with a particular street typology. A
street typology is composed of different attributes that
can positively and negatively affect LPS indicators (see
Tables 2 and 3). Although major arterial roads generally
have more traffic and higher speeds—both of which
increase perceived stress—they also have the necessary
space for wider sidewalks and buffer zones. For instance,
example b in Figure 2 shows a very low LPS, despite
being one of the city’s arterial roads. In this case,
although motorized traffic volumes and speeds are rela-
tively high, attributes decreasing the LPS, such as gener-
ous buffers, median strips, and broader sidewalks (which
reduce pedestrian density), exerted a mitigating effect on
stress. Conversely, examples » and o in Figure 2 show
that busy minor streets with low pedestrian counts and
high levels of motorized traffic can have high LPS,
meaning that being on a local street does not necessarily
result in lower LPS. Although pedestrian volumes may
be lower on minor roads, narrow ROWs with lower
effective widths can result in higher pedestrian densities,
which have a greater effect on increasing pedestrian
stress.

Another result that required analysis and interpreta-
tion was the opposite signs of pedestrian volume and
pedestrian density (see Table 2). An interpretation of
such a phenomenon is that both crowded and empty side-
walks can generate stress for walkers. Crowds are gener-
ally associated with unintentional interactions with other
pedestrians, reducing one’s ability to walk freely (55),
and generating feelings of submissiveness that imply
avoidance responses because of the lack of control over
one’s movements given the restricted space (/2). Since
sidewalks are physically limited spaces, higher pedestrian
densities cause crowding, which, in turn, is positively
related to stress (44). Example o in Figure 2 exemplifies
how high pedestrian density is associated with high LPS.
In contrast, an empty sidewalk can be related to fear of
crime or accidents (56). As proposed by different authors,
stress tends to diminish when a sense of trust within the
neighborhood increases. This tends to happen by having
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other people present (42, 43). Furthermore, the literature
has shown that social contact satisfies a basic psychologi-
cal need, thus increasing well-being (57), which implies
that at least some pedestrian presence is needed to reduce
negative affective responses and, probably, stress levels.

Discussion

The results of this study revealed that the friendliness of
pedestrian infrastructure can be evaluated from different
perspectives, including physiological and emotional
responses such as stress. Apart from early research con-
ducted by Mozer (/6), since 1990, the literature has
focused on “walkability” as the generic target to pursue
to assess the pedestrian-friendliness of an urban area (9).
However, walkability is a wide and open neologism com-
monly associated with urban conditions related to land
use and density of both the population and destinations
(3, 58). Given the above definition, walkability incorpo-
rates urban characteristics that are hard to intercede (e.g.,
changing and mixing land uses requires substantial efforts
in any city). Therefore, modifying the pedestrian-
friendliness based on walkability indexes could be a com-
plex and demanding task. On the other hand, results
from this research showed that easily measurable and
modifiable attributes, like the separation between cars
and pedestrians (i.e., buffer), can be assessed to mitigate
stress and increase sidewalks’ pedestrian-friendly mea-
sures regardless of the adjacent land uses.

Other SPIs that have been used to evaluate the service
or performance of nonmotorized infrastructure include
Mozer’s stress measure (/6) , perceived QoS (47), LOS
(59, 60), and LTS (19, 28). These SPIs are estimated
using both infrastructure- and operation-related attri-
butes that were assessed in this study. As the results
showed that these sets of attributes were adequate to esti-
mate mean stress on a sidewalk, it could be justifiable to
say that different dependent variables hinge on the same
group of attributes. For example, in relation to LOS, the
literature shows that traffic volumes and speeds, con-
flicts, and surface conditions are relevant to the evalua-
tion of this SPI (60). Likewise, the results showed that
these attributes were relevant in explaining stress. The
perceived QoS that was evaluated in a previous study
was also explained by the surface condition and the buf-
fer (47). In other studies assessing stress, speed appeared
as a relevant factor (/7), whereas others defined buffer,
traffic volumes, and, again, speed as relevant to stress
(16). In sum, the attributes that were proven to explain
stress in this study are likely to be generalizable as pivotal
characteristics in further SPI estimations. This generali-
zation is key to evaluating nonmotorized infrastructure
from multiple perspectives to enrich the understanding of

the implications of promoting more efficient travel in
cities.

As a sustainable means of moving in cities, walking is
desirable for its personal and societal benefits. However,
walking intention and actual walking behavior depends
on several factors, from intentions and attitudes to
planned behaviors (6/). In any case, as presented in the
literature, the sidewalk’s local environment and the street
operation provide valuable information on how appeal-
ing streets are for people to walk on. Environmental psy-
chology had proved that stressful environments are
associated with negative emotional responses and thus
with avoidance behaviors (/7). Furthermore, the evi-
dence supports the relationship between low commuting
stress and positive attitudes toward the transportation
mode and active traveling choice (8, 39). The relationship
between the proposed SPI (i.e., LPS) and the intention
to walk, despite being theoretical, appears to be a rele-
vant subject to discuss. In a recent study, it was sug-
gested that there may be an association between good
SPIs and subsequent behaviors related to the evaluated
transportation modes (27). De Vos et al. also propose
that positive SPIs, such as travel satisfaction, can influ-
ence attitudes toward travel modes, and subsequently
influence the decision to choose modes (6/). In this case,
it would be expected that lower stressful sidewalks would
be associated with a higher intention to walk. In other
words, contexts where stress is mitigated could increase
the attractiveness of walking.

From this perspective, low-stress, attractive infrastruc-
ture is key to changing behaviors. The results of this
study revealed that a comprehensive approximation
should consider both infrastructure- and operation-
related characteristics to design low-stress sidewalks.
Assessing stress mitigation on urban sidewalks should
consider both sets of attributes (operation- and infra-
structure-related). This consideration implies that invest-
ment in developing low-stress sidewalks should be guided
by frameworks that optimize the cost-effectiveness rela-
tionship, where the results presented provide some clues
in relation to the impact of different attributes on stress.
As discussed earlier, infrastructure-related attributes pri-
marily affect stress; therefore, in the case of the city stud-
ied, such attributes should be assessed first. However, to
further increase their impact, it is essential to enhance
understanding of pedestrians’ perceptions of the signifi-
cant attributes included in this study, as proposed in the
literature.

Conclusions

This research has identified a set of streetscape character-
istics and features (physical infrastructure attributes and
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operational conditions) that relate to pedestrians’ per-
ceived stress. Stressors and mitigators were found to
interact with each other in tradeoffs that directly affected
the perceived stress related to context stimuli. Thus, high
perceived levels of stress are not necessarily associated
with particular street typologies (e.g., main roads),
rather, this perception involves a more complex process.
This finding led us to propose that stress levels based
solely on traffic volumes or speeds could be neglecting
the effects of adequately designed infrastructure. These
tradeoffs revealed that pedestrian LOSs were affected by
different sources of stimuli and not just those related to
the maximization of the travel utility (i.e., speeds and
traffic and pedestrian volumes). Instead, interaction with
others and the capability of moving away from noise
and pollution mitigated stress, which shows that pedes-
trians want built environments to be comfortable spaces
to walk in as well as to have transportation facilities.

Although this research provides an approach to esti-
mate pedestrians’ perceived stress, and represents a step
forward in enhancing pedestrian infrastructure design,
the authors caution with regard to some limitations and
considerations. In relation to replicability, this approach
is limited, as it demands the gathering of data that may
not be easy to automate (i.e., pedestrian volumes and
specific physical attributes of sidewalks). Future studies
in this respect could use traffic and speed data extracted
from different sources (i.e., Waze and Google traffic
application programming interface) to expand the area
of analysis to more generalized models, as proposed for
the LTS developed by Huertas et al. (/8). Furthermore,
the assessment of sidewalk condition was not thorough,
in that some of the attributes considered could have been
more specific to improve sidewalk characterization. For
instance, auditing whether the infrastructure has pot-
holes does not capture the range of characteristics that
can provide more thorough diagnostics on sidewalk con-
dition. This could be addressed by including other attri-
butes such as surface level and material continuity.

It is suggested that this kind of study could be repli-
cated in different cities across the world to provide new
findings on how low-stress environments can promote
walking in other parts of the world. Further research on
SPIs could focus on creating multiobjective models that
can assess the different facets of pedestrian and bicyclist
infrastructure evaluation. Finally, forthcoming studies
assessing pedestrian stress levels could evaluate the inte-
gration of both physical measurable attributes and users’
perceptions of their surroundings (e.g., their perception
of safety), in an individual SPI.
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