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Abstract

More and more cities worldwide are striving for sustainability and livability. Measuring the
service or performance of local-scale spaces for pedestrians and bicyclists to better under-
stand how to provide “walkable” and “bikeable” environments is key in this endeavor to
enhance active transportation. These pedestrian and bicycle service or performance indi-
cators, such as Level of Traffic Stress or Level of Service, relate measurable characteris-
tics with a perceived proxy of the performance or service, such as comfort, satisfaction,
or quality of service (QoS). The purpose of this study is to propose and validate a frame-
work that integrates user-oriented inputs to the existing traditional supply-oriented vari-
ables to explain the QoS in segment roadways in urban environments for active modes. The
conceptual framework underlying this study considers the contribution of individual per-
ceptions, in addition to the traditionally considered operational and geometry variables,
to explain the perceived QoS of pedestrian and bicyclist infrastructure. The framework is
tested via two separate and independent surveys for pedestrians and bicyclists. Evidence
determined the relative importance of these supply-oriented and user-oriented factors to
explain the QoS. The superior explanatory power of the perception variables and in terms
of the variables that explain the individuals’ perceived QoS justify the framework for both
pedestrians and bicyclists.

Keywords Perceptions - Pedestrians - Bicyclists - Experience - User centered - Active
transportation

Introduction
More and more cities worldwide are striving for sustainability and livability. Active trans-

portation is key to this endeavor. Enhancing “walkable” and “bikeable” cities has been
proved as beneficial to physical and mental health, to the reduction of pollution, mitigation
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of global warming, in terms of resources, safety, and many other personal and societal
dimensions (Garrard et al. 2008; Maizlish et al. 2017; Pucher and Buehler 2017; World
Health Organization 2002; Xia et al. 2017). As such, disciplines related to transportation
engineering, urban design, street design, environmental engineering, and public health
have joined in the common goal to provide a comprehensive understanding of the drivers
behind encouraging more people to change modes of transportation to active modes.

Many tools for measuring the service or the performance of spaces at local scale for
pedestrians and bicyclists have been developed during the past decades. These include the
Level of Service—LOS (for pedestrians and bicyclists) (Roess et al. 2010), the WalkScore
(for pedestrians) (Duncan et al. 2011), the Level of Traffic Stress (for bicyclists) (Furth
et al. 2016; Mekuria et al. 2012; Wang et al. 2016), and the Environmental Quality Index
(for pedestrians and bicyclists) (Health and Team 2010), among others. These pedestrian
and bicycle Service or Performance Indicators (hereafter referred to as SPI) relate objective
and measurable right-of-way characteristics, conditions, and attributes with a perceived
proxy of the performance or service, such as comfort, satisfaction, and quality of service.

The explanatory variables for the SPIs are, in the vast majority of cases, supply ori-
ented. For pedestrian and bicyclist Level of Service (hereafter referred to as LOS), Roess
et al. (2010) summarize the attempts made via the Highway Capacity Manual to incor-
porate active modes in the methodology by classifying the explanatory variables in two
big groups: geometry variables (G-variables), such as infrastructure width; and operational
variables (O-variables), such as the traffic volumes or traffic composition. Table 1 sum-
marizes a list of explanatory variables found in the literature, including other methods and
studies besides the LOS.

Table 1 List of variables used in the literature to explain SPIs. Obtained from: Asadi-Shekari et al. (2013),
Dandan et al. (2007), Gallin (2001), Harkey (1998), Jensen (2007), Landis et al. (1997, 2001a), Pikora et al.
(2003), Roess et al. (2010) and Transportation Research Board (2010)

Variable Pedestrians Bicyclists

Geometric Sidewalk width Bike lane width
Number of vehicular lanes Number of vehicular lanes
Bicycle infrastructure presence Distance from pedestrians
Buffer width Separation from traffic
Driveways segment length Driveway density
Sidewalk presence Presence and type of sidewalk
Accessibility details (e.g., ramps) Intersection details
Road width Road width

Operational ~ Speed of motorized vehicles Speed of motorized vehicles

The proportion of HGV in the motorized
traffic

The flow of directional traffic of bicycles
On-street parking

Conflicts

Pedestrian flow

The proportion of HGV in the motorized
traffic

The volume of directional traffic of bicycles
Parked vehicles
Hindrances

Cyclists volume
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Recent literature suggests that beyond these groups of variables, there are other built envi-
ronment characteristics to be considered (Nag et al. 2019). For example, the surface condition
has been found to be a relevant aspect for both pedestrians and bicyclists (Asadi-Shekari et al.
2013; Gallin 2001; Samarasekara et al. 2011). Other relevant variables that are not necessar-
ily geometric or operational and have been identified as significant are on-street signage, land
uses, weather, and type of buffer (Asadi-Shekari et al. 2013; Foster et al. 2016; Gallin 2001;
Jensen et al. 2007; Kadali and Vedagiri 2015; Landis et al. 1997; Pikora et al. 2003).

However, the literature on the assessment of the performance and service of pedestrian
and bicyclist infrastructure has not often considered user input to explain SPI levels and its
implications in driving changes in choice behavior. Pedestrians and bicyclists, unlike motor-
ists, consciously and unconsciously interact with their surroundings, while moving in the
street (Barrero and Rodriguez-Valencia 2021; Ma and Cao 2019). Perception is the mean that
makes it possible to connect the stimuli from the built environment to individuals’ emotional
responses (Al et al. 2020; Ma and Cao 2019; Mehrabian and Russell 1974; Ortiz-Ramirez
et al. 2021; Yani-de-Soriano and Foxall 2006). According to Ewing et al. (2006), pedestrian
perceptions of the street environment may have complex relationships with physical features,
and these physical features may not reveal much about user opinions of a specific location. In
the case of transportation, perceptions of both intangible features (e.g., safety perception), and
physical attributes (e.g., pavement perception) can explain the pedestrian quality of service
(Vallejo-Borda et al. 2020a, b) or cyclits service assessment (Barrero and Rodriguez-Valencia
2021; Vallejo-Borda et al. 2019, 2020c). Satisfied and content users generate attachment to the
service, recommendations to other potential users, and repetition (Tyler et al. 1999).

The purpose of this paper is to propose a framework explaining the pedestrian and bicy-
clist quality of service (QoS) at roadway segments that enhances associations with the
activities and behaviors pertaining to these modes. Specifically, the aim here is to under-
stand the underlying process that leads pedestrians and bicyclists to evaluate the quality of
service for urban street segments, differentiating it from traditional LOS methodologies
for motorized traffic. We also explore the statistically significant perceptual variables that
explain the perceived QoS of the infrastructure of active mobility users.

Proposed conceptual framework

The conceptual framework underlying this study considers the contribution of individual
perceptions, in addition to the traditionally considered operational and geometry variables,
to explain pedestrian and bicyclists’ QoS, and its association with walking and biking
behavior (see Fig. 1). Adding perceptions as variables able to explain SPIs broadens the
perspective of pedestrian and bicyclist service and performance evaluation, which affects
both walking and biking behavior (i.e., active traveling). The framework provides concise,
understandable relations, that summarize previous research and new findings, for practical
application. As recommended by van Acker et al. (2010) the framework is based on mixed
findings from the travel behavior and psychology fields.

Service and performance indicators (SPI): evolution and application
The first SPI for pedestrians and bicyclists was the Level of Service (PB-LOS). Since

pedestrian and bicycle traffic presents the same general flow conditions as the motor-
ized traffic (i.e., declining speed at higher densities), early PB-LOS methods related good
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Fig.1 Conceptual framework

service with less congestion. Accordingly, similarly to highway principles, for a given
demand, providing extra capacity (wider sidewalks or bike-paths) means better LOS, as the
early PB-LOS methods indicated in the 1980s. The late 1990s and early 2000s witnessed
the development of more advanced models to evaluate local scale SPIs. Landis et al. (1997,
2001b, 2003), and Petritsch et al. (2005) found that other factors beyond the volume-capac-
ity relationship could affect pedestrian and bicycle-LOS, respectively. Besides the width of
the dedicated infrastructure, many other geometry related variables (G-variables), such as
separation of the motorized traffic, were included in the equation. Also, motorized traffic
variables, such as speed, composition, or volumes, were found to be significant in explain-
ing PB-LOS (called operational variables or O-variables). The state-of-the-practice for
LOS for urban streets considers that the infrastructure is evaluated from the perspective
of the service it provides to the different users, establishing a multimodal LOS approach
introduced in 2010 (Transportation Research Board 2010).

In the last two decades, new SPIs were developed to explain the selected perceived ser-
vice or performance indicator (service, stress, comfort, etc.), which consider O-variables
and G-variables as explanatory in multi-variable models. Some of the most popular SPIs
include the Level of Traffic Stress (LTS) for bicycles, and different applications of the
Walkability Index for pedestrians (Appolloni et al. 2019; Ewing and Handy 2009; Guo and
Loo 2013; Koohsari et al. 2016; Lee and Talen 2014; Marquet and Miralles-Guasch 2015;
Peiravian et al. 2014; Sehatzadeh et al. 2011; Shatu and Yigitcanlar 2018; Stockton et al.
2016; Tsiompras and Photis 2017). The Level of Traffic Stress is based on the classifica-
tion of road segments into four different levels of stress related to bicyclists’ riding abili-
ties (Huertas et al. 2020). Each segment or intersection is classified according to its opera-
tional (e.g., speed limit, prevailing speed, on-lane interferences or blockages, intersection
interferences) and geometric characteristics (e.g., street width, bike lane width, separation,
number of lanes per direction, intersection geometry, connectivity) (Furth et al. 2016;
Mekuria et al. 2012). Likewise, Walkability indices have been developed to estimate how
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pedestrian-friendly an infrastructure can be. These indices also commonly include O-varia-
bles [e.g., intersection density (Peiravian et al. 2014; Shatu and Yigitcanlar 2018), connec-
tivity (Tsiompras and Photis 2017), local road density, and safety (Sehatzadeh et al. 2011)],
as well as G-variables [e.g., sidewalk width, building height (Shatu and Yigitcanlar 2018),
and proportion of street walls and first floor with windows (Ewing and Handy 2009)].

Despite the robust set of literature concerning SPIs for pedestrians and bicyclists, it is
not common to find perceptual variables that account for explanators in these indices. In
the vast majority of cases, these objectively measured features of the streetscape environ-
ment have been considered to understand, evaluate, and design any bicycle or pedestrian
facilities. It is only very recently, that research on pedestrian SPIs has included user per-
ceptions and behavioral and attitudinal factors (Griswold et al. 2018). Only recently, in
the literature, perceptions have been considered, mainly to identify latent variables and
to evaluate the impacts of these latent variables on the perceived QoS (Jahan et al. 2020;
Vallejo-Borda et al. 2020a) or LOS (Bivina and Parida 2019). The state-of-the-art of QoS
forecasting methodologies by means of objectively measured attributes for pedestrians,
uses perceptions as mediators (Vallejo-Borda et al. 2020b).

Behavioral theories and the pedestrian and bicyclist SPI relevance

Within the past decade, a considerable amount of research has been carried out, at varying
degrees of depth and sophistication, on the drivers that make people change their behav-
ior as part of a sustainable transportation perspective. Literature has shown that choosing
bicycling or walking as modes of transportation goes beyond the traditional mode choice
theory, where travel time and costs are the main determinants, under the principles of util-
ity maximization of rational travelers (De Vos et al. 2016; Ferndndez-Heredia et al. 2016;
Griswold et al. 2018; Larrafiaga et al. 2016; Ma and Cao 2019; Schneider 2013; van Acker
et al. 2010). For example, Gatersleben and Uzzell (2007) showed that the enjoyment of
non-motorized traveling itself could be a factor that positively influences the choice of such
modes and overall satisfaction with the trip. Several frameworks and theories have been
developed, where alternative approaches have unveiled interrelated factors and rationales
in the mode selection of bicyclists and pedestrians.

Individuals’ perceptions were found to be relevant in explaining affective and behavioral
responses such as walking and bicycling in some of these studies. The study by Bornioli
et al. (2019), for example, included the analysis of factors such as environmental percep-
tions, including aesthetics and interestingness. These factors were used to explain an indi-
vidual’s response to environmental stimuli and a further selection of walking as a traveling
mode. To provide another example, the study by Ferndndez-Heredia et al. (2016) focuses
on bicycle choice intention. It quantitatively introduces perceptions in a sequential mod-
eling approach, of which the results proved that mode choice could be better explained by
including psycho-social factors in the modeling processes.

Also, some travel behavior frameworks schematically showed the factors explaining
active modes choice. In these frameworks, the role of perceptions has been theorized as
being explanatory of mode choice and modal shifts towards sustainable modes (Schneider
2013), walking and bicycling (Pikora et al. 2003), walking and bicycling for recreation or
exercise (Saelens et al. 2003), and walking (Ewing and Handy 2009). These frameworks
have been proposed using qualitative evidence acquired from both users (Schneider 2013)
and experts or literature (Ewing and Handy 2009; Pikora et al. 2003; Saelens et al. 2003;

@ Springer



796 Transportation (2022) 49:791-814

Schneider 2013). Besides, none of these studies have included a quantitative input directly
acquired from user perceptions or any kind of index to measure the performance of infra-
structure in relation to such perceptions.

Other behavior theories from psychology and travel behavior

Previous revised travel behavior frameworks propose that individuals’ perceptions of
contextual characteristics can influence behavioral intentions and responses. However,
in the literature, there is weak empirical evidence of this relationship. Multiple studies
generally propose that behavior can be influenced by affective or emotional responses to
the stimuli perceived by a person in a particular space (Blaison and Hess 2016; Evans
and Stecker 2004; Friman 2010; Gatersleben and Uzzell 2007; Jang and Namkung
2009; Ma and Cao 2019; Samuel et al. 2019; Yani-de-Soriano and Foxall 2006; Zhang
et al. 2019). These stimuli come from different sources in the person’s environment and
are particularly important for travelers affected directly by the space in which they move
(Samuel et al. 2019). Hence, understanding theories that relate cognitive and affective
responses to the perception of such stimuli and behavioral responses could increase the
knowledge on the relationship between a non-motorized SPI and behavior.

Behaviors are influenced by individuals’ perceptions of the built environment, and
some theories from travel behavior and social and environmental psychology have been
proposed to explain how this process develops. In general terms, the stimulus—organ-
ism—response (SOR) framework, presented by Ma and Cao (2019), shows a mechanism
that explains how environment characteristics affect individual states and behaviors.
Mehrabian and Russell (1974) proposed a SOR related theory in which the authors sug-
gest that three affective dimensions (i.e., pleasure, arousal, and dominance) can explain
all the emotional states that an individual’s perception of environmental stimuli can
elicit. These dimensions indicate a primary emotional response that ultimately influ-
ences avoid or approach behaviors towards a place or situation (Ortiz-Ramirez et al.
2021), which is the most basic factor involved when contemplating walking or bicycling.

Perceptions are part of the formalization of individuals’ attitudes. Stimuli influ-
ence perceptions and they, in turn, influence attitudes toward the stimulus (van Acker
et al. 2010). Attitudes are presented by van Wee et al. (2019) as the degree of valua-
tion an individual assign to something (e.g., an object or behavior). Hence, in the travel
behavior field, attitudes acquire particular relevance because the valuation of modes or
infrastructure, for example, can exert an influence on mode choice (Ma and Cao 2019).
Behavioral responses, therefore, rely on individuals’ perceptions of their environment
and on their attitudes towards travel-related factors.

From this perspective, non-motorized SPIs can help to explain behaviors such as
walking and bicycling. When including individuals’ perceptions in non-motorized SPI
estimations, these indicators can begin to account for users’ affective responses towards
contextual factors while traveling. Furthermore, such perceptions can contribute to the
formalization of user attitudes towards a specific mode and hence, influence users’ pro-
pensity to choose walking or bicycling as a mode of transportation. In other words, non-
motorized SPIs can provide information on crucial perceived variables that can influ-
ence the choice of non-motorized modes as a means to travel.
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Methods

To explore and evaluate user perspectives of non-motorized infrastructure Quality of
Service (QoS), we analyzed data from two independent studies conducted for bicyclists
(April and May 2017) and for pedestrians (June 2018) (see Table 2). The locations were
carefully selected to attain a diverse sample between the non-motorized populations and
to cover all typologies of different sidewalks (i.e., no lateral separation, lateral sepa-
ration with no vertical barriers, lateral separation with vertical barriers, and on-street
parking) and bicycle-dedicated infrastructures (i.e., segregated bike lane, a bike lane
on the sidewalk, and bike lane on the road median) available in Bogota, Colombia. The
locations audited for the study involving bicyclists are different from those audited for
the pedestrian study.

The sample for pedestrians and bicyclists were distributed by age and sex like in the
same ratio as Bogota’s population using these modes (see the descriptive statistics in
Table 3). Each survey (pedestrian and bicyclist) lasted approximately 8 min, and the over-
all response rate for pedestrians was 33.2%, and 27.5% for bicyclists. To attain random-
ness, data collection for both pedestrian and bicyclist surveys was developed by selecting
respondents on a one in every three passing pedestrians/bicyclists basis. We carefully bal-
anced users in both directions and we were strict in avoiding self-selection.

The fieldwork comprised the random interception surveys administered in-person to
users. In-person survey administration is used to reduce biases of recalling emotions
after the experience (Paiil i Agusti et al. 2019; Yani-de-Soriano and Foxall 2006), traf-
fic counts, and geometrical features and infrastructure audits. The questionnaire used in
this study for pedestrians was based on the one developed for bicyclists, and has been

Table 2 Pedestrian and bicyclist

. . Pedestrians Bicyclists
survey information
Sample size 1056 432
Number of locations 30 16
Starting date June 2, 2018 April 25, 2017
End of campaign June 19, 2018 May 18, 2017
Survey period 08:00 to 18:00 7:00 to 9:00

11:00 to 13:00
16:00 to 18:00

Duration of the survey 8 min 8 min
Table3 Sample composition Pedestrians (%) Bicyclists (%)

Sex

Male 51.1 78.1

Female 48.9 21.9

Age

<25 35.8 24.4

2640 32.1 49.5

41-59 21.8 23.6

>60 10.3 2.5
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used in other studies (Bellizzi et al. 2019; Rodriguez-Valencia et al. 2020; Rossetti and
Hurtubia 2020). The questionnaire for bicyclists was based on Ferro Navas (2017) and
the gathered data has been used in other studies (Vallejo-Borda et al. 2020c; Barrero
and Rodriguez-Valencia 2021). Table 4 summarizes the basic information contained in
the surveys.

The process followed in this study included: (1) identifying different pedestrian and
bicyclist serviceability and performance indexes and indicators in the literature; (2)
gathering existing data from the previous studies for both users, and planning and per-
forming data acquisition for rights-of-way where incomplete audits where found (i.e.,
bicyclist study); (3) developing comparison and analysis methods through linear regres-
sion models estimation; (4) identifying the relevant perception variables that explain
QoS for both users (pedestrians and bicyclists) through a stepwise regression analysis;
and (5) discussing results.

Both user studies were conducted at Universidad de los Andes and the bicyclist sur-
vey was conducted over a year before the pedestrians one and pedestrians survey fol-
lowed the same questionnaire structure and data acquisition process but included more
questions and measured attributes. Besides this, the Likert scale for the pedestrian
survey was modified and the categories were increased (i.e., from 1-5 to 0-10) based
on modeling requirements related to complementary studies (i.e., Vallejo-Borda et al.
2020a, b) and to enhance the normality approximation (Wu and Leung 2017). Both sur-
vey questionnaires begin with a question about the overall perceived QoS in the specific
location, sidewalk, or bike path (i.e., dependent variable). Following this, respondents
were asked to rate a set of questions and statements about the attributes of the location
and perceptions of intangible states, conditions, or emotions on a Likert-based scale.
Finally, several socio-demographic questions were included in both questionnaires. The
list of variables in the questionnaires is shown in Table 4.

We estimated seven OLS models (Eq. 1) combining different groups of variables,
namely geometric (G-variables), operational (O-variables), and perceptional (P-vari-
ables) as presented in Table 5, separately for pedestrians and bicyclists. The independ-
ent variables in each group (i.e., G, O, and P) were selected as shown in Table 4. Only
variables maximizing the coefficient of determination (R-squared) were kept for each
group of variables. To uncover the contribution of each group of variables, the partial
coefficient of determination (partial R-squared) was used as an indicator for each group
of variables to explain the perceived QoS. The R-squared on a linear model is defined as
the ratio between the explained variation and the total variation (Ortizar and Willumsen
2011) and accounts for the percentage of variation of the dependent variable explained
by the independent variables.

In this case, the partial R-squared is used to estimate the contribution of each group
of variables to explaining the perceived QoS variance through commonality analysis.
Kitamura et al. (1997) used a similar approach (to the one we used in this paper) to
compute the incremental change in different groups of variables R-squared, based on the
order of inclusion of these groups to the model. Besides, Scherrer et al. (2009) explained
the partial R-squared calculation developed in this paper. Two indicators were chosen to
compare the seven models: The F-test that is used to evaluate the goodness of fit of
each model and the adjusted R-squared that is used to compare the overall proportion of
variance explained by all the independent variables on each model. Adjusted R-squared
is preferred over R-squared due to its capability to correct the impact of the number
of independent variables, which makes it possible to compare the models (Washington
et al. 2011).
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Table 5 Models generated to explain the perceived QoS

Model 1 Model2 Model3 Model4 Model5 Model6 Model 7

Geometric (G) factors X X X X
Operational (O) factors X X X X
Perceptional (P) factors X X X X
8 ky
Y= Po+ ), D B e (1)
1 1

where Y, dependent variable (i.e., 1.1 infrastructure service); f, intercept; g, group of vari-
ables; kg, Number of variables in each group g; f, vector of estimable parameters x; x, vec-
tor of independent variables; €, error term; i, number of observations.

In a subsequent step, to develop parsimonious models with a subset of significant per-
ceptual variables (at 90% significance level), we performed a stepwise regression pro-
cedure. This kind of model relies on the comparison of competing OLS models and the
selection of the best of them based on a chosen goodness of fit criterion (Washington et al.
2011). In this case, the chosen criterion is the AIC (Akaike’s information criterion), which
considers the model’s goodness of fit and the number of estimated parameters (Golob
2003; Washington et al. 2011) the lower the AIC, the better the model. The competing
models are generated using both forward (i.e., adding an independent variable in each step)
and backward (i.e., eliminating an independent variable in each step) methodologies in an
iterative process that minimizes the AIC until the best regression model is achieved. To
identify which specific P-variables seem to be significant in explaining the perceived QoS
for both modes, we estimated stepwise regressions, including only this set of variables.

Since our study focuses on understanding the impact of individuals’ perceptions on SPIs
in the proposal of a new framework, we used models that explain the perceived QoS of each
individual, rather than the average sidewalk QoS evaluation. Evaluating average QoS for each
location would have reduced the degrees of freedom as long as the dependent variable and the
G-variables would not varied for each for the several individuals interviewed in each location,
and hence the effects of the individual users’ heterogeneity would have been neglected. With
this approach and considering the diversity established in the experiment design, we also tried
to reduce multicollinearity problems (Gujarati and Porter 2010). By analyzing QoS variance
at an inter-individual scale, we can identify the effects of independent variables on each indi-
vidual reported QoS. On the other hand, if the mean of the total observations were estimated
for each location, individual measures would have been lost. Also, the number of observations
would have decreased, and the models would not be estimable under such restrictions.

Supporting evidence

The similarities between pedestrians and bicyclists attract attention, despite the inde-
pendence in the source of data and models. The separated and combined contribution of
O-variables, G-variables, and P-variables to explain individual perceived QoS (Table 6)
show an overwhelming dominance of P-variables, for both transportation modes. Besides,
the similarity in the contribution of different groups of variables, either in the quantity of
variance explained and proportion among groups of variables, reveals something beyond
chance. The independent variables used for each model are shown on Table 4. The pure
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Table 6 Disaggregated contribution of the three groups of variables to the overall coefficient of determina-
tion for pedestrians and bicyclists

Model x*  G(pure) O (pure) P (pure) Comm.**  R-sq Adj-R-sq  F-stat
M1 PED 18  0.164 n.a 0.164 0.150 11.310
(100.0%) (100.0%)
BIKE 6  0.108 n.a 0.108 0.093 7.486
(100.0%) (100.0%)
M2 PED 23 0.153 n.a 0.153 0.134 8.102
(100.0%) (100.0%)
BIKE 5 0.121 na 0.121 0.109 10.290
(100.0%) (100.0%)
M3 PED 15 0.534 n.a 0.534 0.525 64.170
(100.0%) (100.0%)
BIKE 13 0.455 n.a 0.455 0.436 23.410
(100.0%) (100.0%)
M4 PED 38 0.016 0.397 0.137 0.550 0.531 29.370
(2.9%) (72.2%) (24.9%) (100.0%)
BIKE 18 0.010 0.344 0.111 0.465 0.438 17.330
(2.1%) (74.0%) (23.9%) (100.0%)
M5 PED 41 0.050 0.062 0.102 0.215 0.183 6.756
(23.5%) (28.7%) (47.8%) (100.0%)
BIKE 11 0.022 0.009 0.099 0.130 0.104 4.988
(17.2%) (6.8%) (76.0%) (100.0%)
M6 PED 33 0.019 0.388 0.145 0.552 0.536 33.980
(3.4%) (70.3%) (26.3%) (100.0%)
BIKE 19 0.008 0.356 0.100 0.463 0.435 16.250
(1.7%) (76.8%) (21.5%) (100.0%)
M7 PED 56 0.010 0.008 0.346 0.196 0.560 0.534 20.910
(1.9%) (1.4%) (61.7%) (35.0%) (100.0%)
BIKE 24 0.003 0.005 0.338 0.121 0.468 0.432 12.950

0.7%) (1.1%) (723%)  (259%)  (100.0%)

x" Number of independent variables included in the model

Comm.** Commonalities or redundancy (n.a.: not applicable)

contribution of P-variables is four times greater for pedestrians and 3.25 greater for bicy-
clists compared with the pure contribution of O-variables and G-variables (M1 to M3).
For bicyclists, the model considering only P-variables reaches = R?,0.455, while models
considering only G-variables and O-variables reach a fraction of the explanatory power
(barely:RzGO.lOS and=R200.121). Those models including P-variables (i.e., M3, M4,
M6, and M7), have a greater adjusted coefficient of determination.

When comparing models combining the three groups of variables (M4 to M7), we
again found coincidence between pedestrian and bicyclists in the disaggregated contri-
bution of the groups of variables to the coefficient of determination in each model. The
partial coefficient of determination of P-variables in M4, M6, and M7 is dominant. For
instance, in M4, the contribution of P-variables accounts for more than 24 times the
contribution percentage of O-variables for pedestrians and more than 35 times for bicy-
clists. Similarly, in M6 and M7, the partial coefficient of determination of P-variables is
considerably higher in comparison to the pure or combined coefficient of determination
of G- and O- variables, for both modes of transportation. Table 6 presents the partial
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coefficient of determination (partial R> with percentage of contribution), commonalities,
and the adjusted coefficient of determination (adj-R?) for M1 to M7.

The models where various groups of variables are combined (M4 to M7), reveal both
the higher contribution of P-variables and the mutual overlapping effect of G-varia-
bles and O-variables. Commonalities provide information on the fraction of the partial
contribution to the explanation of variance that cannot be allocated to a given group
of variables. In addition, models considering P-variables have a higher coefficient of
determination for both pedestrians and bicyclists and commonalities represent a smaller
proportion of the total coefficient of determination. Conversely, models considering
O-variables and G-variables simultaneously, show a substantially higher proportion of
commonalities, and a lower pure effect that can be allocated to each group, implying an
overshadowing effect between them. Similarly, models that include P-variables have a
better fit (i.e., Lack-of-fit F-test) compared with those without them (M1, M2, and M5).

Given the high power of P-variables and leaving the big picture aside, we examined
the specific P-variables that explain the perceived QoS for pedestrians and bicyclists.
Similarities were again found for both. Four perceptional variables appear in both mod-
els as significant: surface condition, enjoyment, signage, and road safety. Both the sig-
nificance and the relative contribution of each of the variables compared to the others, is
quite similar for pedestrians and bicyclists. In both cases, the perception of the surface
is the regressor with the highest contribution to QoS.

Table 7 Full models considering pedestrian and bicyclist perceptions

Pedestrian Bicyclist

Coefficient ¢value pvalue Sig Coefficient ¢value p value Sig

Intercept 1.655 7.047  0.000 0423 2.054 0.041 *
Surface condition® 0.272 11.828 0.000  *** 0.436 10.270  0.000 ok
Enjoyment® 0.101 4870  0.000  *** 0.173 3935 0.000 - kE
Road safety?® 0.048 2.541 0011 * 0.078 1.955 0.051 .
Signage® 0.072 3466  0.001  *0.140 3.521  0.000 ek
Pedestrian/bicyclist presence®  0.040 1.772 0.077 .

HGV flow perception —0.050 —3.098 0.002  **

Facades perception 0.212 8.700 0.000  *#*

Cleanliness 0.040 1.863 0.063 .

Furniture 0.065 2.757 0.006  **

Trees* 0.079 4314 0.000  ***

Avoid infrastructure®® 0.050 1.458 0.146
R-squared 0.525 0.449

Adj R-squared 0.521 0.442

Full model AIC 1299.530 and 16 parameters —94.536 and 14 parameters
Stepwise model AIC 1292.929 and 11 parameters —106.111 and 06 parameters

Significance codes: ***p <0.001; **p <0.010; *p <0.050; .p <0.100
*The question was asked for both modes; otherwise, it was only asked for pedestrians

®Included in the final model due to its impact on AIC minimization; however, it does not comply with any
significance level
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Regarding only the four common variables, we found that enjoyment has the second
highest coefficient, which is about 0.38 times the magnitude of the surface condition’s
coefficient. Similarly, the signage coefficient is almost 1.5 times that of road safety. Table 7
presents the results of both models.

Table 7 shows that many more P-variables explain pedestrian QoS to a significant level,
than they do for bicycles. For example, many other perceived attributes such as the beauty
of facades, arborization, presence of furniture, cleanliness, and HGV flow perceptions are
also relevant in explaining individuals perceived pedestrian QoS. However, we cannot draw
any conclusions regarding the fact that more variables show significance in the pedestrian
model. This could be the consequence of either the questionnaire being more extensive
for pedestrians than for bicyclists, or that the stimuli have a greater effect on pedestrians
than on bicyclists. However, the extra variables do not necessarily imply a better fit of the
pedestrian model since both models have similar adjusted R-squared values.

Discussion and implications

Historically, transportation offerings have been classified into two groups: infrastructure
and service provision. Transportation infrastructure is generally public, and it is provided
under standards, while transportation services (e.g., transit or couriers) are customized.
Services intrinsically imply the payment of a fare or fee for access. Thus, sidewalks and
bike paths fall into the infrastructure transportation offering.

Not that long ago, Pine and Gilmore (1998) identified a higher economic offering called
“experience.” Historically, experiences have been lumped in with services, but experiences
are a distinct economic offering, as different from services as services are from goods
(Table 8). Experiences, unlike services, are related to individuals’ sensory events, revealed
over the duration, which are memorable. Experience is not a vague construct (Pine and Gil-
more 1998). Unlike services, the delivery of experiences in transportation, may or may not
command a fee (first-class flight or a sidewalk).

Evidence from this research shows that pedestrians and bicyclists are not only consum-
ing the infrastructure capacity to move through it as a “user,” but that other sensory-related
factors are somehow more relevant (e.g., pleasantness, safety, enjoyment). Let us recall that
the initial pedestrian and bicyclist SPI, namely the LOS, was developed in the 1980s, much
earlier than the theoretical background provided by Pine and Gilmore (1998). Based on the
similarities in the flow characteristics with cars, non-motorized infrastructures were associ-
ated with roads and highways. Unintendedly, early LOS methods for non-motorized modes
“commoditized” sidewalks and bicycle paths and pigeonholed them into the “goods” offer-
ing (Table 8). One of the primary purposes of this research is to reclaim the “customiza-
tion” of a more accurate and up-to-date transport delivery of active modes infrastructure.

Without excluding sidewalks and bicycle infrastructure from rendering the “goods”
offering, evidence found in this research suggests that non-motorized infrastructures fall
also into the transportation experience offering (Table 8). Sidewalks and bicycle paths must
provide the safe and efficient movement of people, with good physical characteristics and
considering the traditional relationship between demand and capacity to avoid congestion.
Thus, G- and O-variables are indeed needed to evaluate the performance, just as audits are
needed to guarantee the standard requirements, even when considering behavioral studies
(Ortiz-Ramirez et al. 2021).
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Table 8 Progression of economic value applied for transportation offerings. Modified from Pine and Gil-

more (1998)
Customization

Goods Services Experiences
Economic offering Function Services Experience
Evaluation (SPI) Performance Quality of service Satisfaction
Intrinsic function Supply Deliver Stage
Factors of demand Capacity Quality xz;f:sg::s/
Factors of reward Features Benefits Sensations
Nature of offering Tangible Intangible Memorable
Key Attribute Standardized Customized Personal

Method of supply

Inventoried after

Delivered on demand

Revealed over a

production duration
Seller Manufacturer Provider Stager
Consumer User Customer Guest
Highway
Example
Transit Sidewalk
Commoditization

A popular sentence by Drucker (2007) that states that service is something that the cus-
tomer receives not something that the supplier provides, brings into the discussion the sup-
ply-oriented evaluation of non-motorized quality of service, under the evidence provided
by this research. In principle, O- and G-variables (supply-oriented) can assure infrastruc-
ture function and performance, but not necessarily meeting users’ (guests) needs to maxi-
mize their individually perceived QoS. The great contribution of intangible and perceptual
inputs to explain QoS, such as safety, pleasure, or security, reclaims the consideration of
user inputs into the framework for non-motorized SPIs.

The importance of individuals’ input into the planning, design, and operations of non-
motorized infrastructures is associated with the undeniable sensorial experience of walk-
ing and bicycling. For planners, designers, and engineers, the evaluation of a given non-
motorized infrastructure, in practical terms, is undoubtedly easier by means of counting or
measuring something tangible (G- and O-variables). The lack of familiarity and apparent
lack of practical convenience of P-variables leads the discussion to consider whether the
most significant individual perceptions (e.g., pleasure) can be related with a specific physi-
cal condition in the right-of-way.

Recent research by Vallejo-Borda et al. (2020b) has found a practical application of per-
ceptions to assess sidewalks. They use perceptions as mediators to estimate a perceived
QoS model based on objective variables through multiple causes and multiple indicators
(MIMIC) modeling. Furthermore, Barrero and Rodriguez-Valencia (2021) have shown that
understanding how users perceive the built environment can allow enhancing infrastructure
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evaluation and design processes. Since they rely on assessing the attributes that are most
valued for user satisfaction, these enhancements can help to provide approachable places
that contribute to the promotion of non-motorized transportation. Habib et al. (2014) also
found that there is a major component of comfort in bicyclists’ decision of owning and
using a bicycle to commute. However, despite these findings, comfort, pleasure, and other
psychological factors have not been incorporated into the infrastructure’s design guidelines
or design process. The incorporation of these factors may complement the infrastructure
quality assessment and provide decision-makers with strategies that positively impact the
choice of active modes towards non-motorized transportation promotion.

Non-motorized transportation is key to attaining sustainable development. In line with
this, increases in non-motorized infrastructure are particularly relevant for urban cycling.
Despite the lack of consensus on the differential effect of bike infrastructure provision on
demand (Buehler and Dill 2016), in Bogota, the proximity of households to a bicycle lin-
ear facility has shown a small but significant positive difference in bicycling rates (Rodri-
guez-Valencia et al. 2019). However, this increase is associated with the idea of induced
demand that appears when infrastructure supply increases or with transit quality of service
decreases (Rodriguez-Valencia et al. 2021), but not due to the intrinsic attractivity of the
activity. Hence, complementing infrastructure evaluation with subjective assessments can
provide insight into how the built environment is perceived and how it can render a bicy-
cling experience that attracts users. Also, it could provide information on the attributes
that motivate users to regularly commute using their bicycle from a volitional perspective,
rather than influenced by external factors.

Further research is required to better understand the relationships between behaviors
and non-motorized SPIs, as suggested by Ewing and Handy (2009). The environmental
psychology model proposed by Mehrabian and Russell (1974) can be useful in assessing
this kind of relationship. The model relates environmental stimuli with avoid or approach
behaviors and suggests that stimuli elicit affective responses related to comfort and satis-
faction, which are two commonly used dependent variables in SPIs. As part of this the-
ory, it is proposed that increased pleasure (measured through comfort, satisfaction, hap-
piness, among others) is associated with positive emotional responses and subsequently
with approach behaviors, as shown by Ortiz-Ramirez et al. (2021). However, as we have
commented, these kinds of variables and factors are not commonly used as SPI explana-
tors, thus failing to capture the information related to subjectivity, its impact on service and
performance estimation, and the effects of the SPIs on behaviors.

Despite the differences in terms of operation between pedestrians and bicyclists, and
the fact that data came from two separate and independent surveys, there are great simi-
larities in the results for both modes of transportation with respect to the relative power
of P-variables and in their specific regressors. This finding provides evidence supporting
that non-motorized modes, which are in direct contact with their contexts while traveling,
assess the built environment attributes in a similar way. An implication of this is that infra-
structure interventions on surface conditions, signaling, enjoyment, and road safety would
affect both pedestrians and bicyclists, thus, increasing the impact and efficiency of such
interventions.

As a closing reflection, an academic and professional dialogue, beyond the Global
North is required to advance towards a comprehensive, diverse, inclusive SPI framework
for non-motorized modes of transportation. A few more years are required to evolve the
idea that sidewalks, bicycle paths, and other transportation infrastructures might fall into
the offering of experience transportation (Table 8). Another topic that requires discussion
is the variable to be evaluated in a given SPI. Why QoS or stress? Beyond pedestrian and
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bicyclists SPI history, and the great contribution that previous developments have rendered
to society, more transparency and clarity is needed when reporting the research dependent
variable.

Conclusions

This study proposes a comprehensive framework for pedestrian and bicycle infrastruc-
ture evaluation including the user-oriented input or perceptions. The framework was con-
structed based on evidence that P-variables provide a great explanatory power for pedes-
trians’ and bicyclists’ individually perceived quality of service at roadway segments. A
review and analysis of existing state-of-the-art pedestrian and bicyclists SPIs, together with
theory on environmental psychology and transportation behavior, enriches and contrib-
utes to a broader and more general framework based on which to evaluate non-motorized
infrastructure.

The substantial contribution of users’ perceptions to explain non-motorized infrastruc-
ture QoS involves the characteristics of the traditional infrastructure assessment into dis-
cussion. First, focusing only on supply-oriented measures of the infrastructure, neglects
the influence of people’s perceptions on the built environment, and second, neglecting such
subjectivities makes it difficult to understand the relationship between infrastructure per-
ception and valuation (i.e., attitudes towards the infrastructure or modes) and behaviors
such as approaching active modes of transportation.

From this perspective, we suggest that, beyond being considered a good, streets consti-
tute a stage where people must be treated as guests, not as users. We claim that sidewalks
and bike paths must be improved in terms of their transportation offering towards ‘“cus-
tomization” which implies an understanding of active transportation as an experience itself
rather than a mere service. Accordingly, SPIs have the potential to be enriched with new
measures related to the experience of walking and bicycling and by considering trip pur-
poses. With more pleasant experiences, we can expect approaching behavior towards these
modes, as has been broadly proposed in the literature. Besides, the different trip purposes
may change the definition of a pleasant experience (e.g., arborization, route directness),
highlighting the importance of considering such specifications.

From our study, it is possible to propose that the estimation of SPIs can be enhanced by
including user perceptions. Hence, future research should focus on re-developing broadly
known indices including P-variables to prove our framework. To do so, interception sur-
veys can be designed and calibrated using the P-variables that we found to be common for
both users since they proved to be highly relevant in terms of perceived QoS assessment
for both modes. As was suggested by the R-squared values obtained by applying our mod-
els, there are no significant multicollinearity problems; however, a more in-depth future
examination, including thorough correlation analyses between factors is recommended.
Furthermore, the proposed relationship between the SPIs and behaviors can be proved with
evidence in future research. To understand such relationship, studies can focus on measur-
ing how SPIs impact both behaviors and behavioral intentions. Measuring this mechanism
can provide information on how the service or performance provided by an infrastructure
can exert an influence on active traveling and route choice.

In terms of the limitations of our study, we wish to mention that our research focuses
only on segment analysis, meaning that crossings are not considered in assessing QoS,
and that including them could enhance our findings. We also decided not to include users’
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affective experience, which could provide further information on how QoS perception var-
ies due to the individuals’ heterogeneity. However, this kind of analysis justifies a differ-
ent study to reveal how affective experience can impact infrastructure valuation. Further
studies should also examine different SPIs in order to discover the role of perceptions in
explaining each of them. This would provide information on the differences between the
SPIs; for example, between QoS and LOS. Finally, studies replicating our methods on dif-
ferent cities could be beneficial to the generalizability of the proposed framework.
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