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Abstract
Existing pedestrian facilities are evaluated using a range of Pedestrian Level of Service 
(PLOS) assessment models. These models, available for well-defined facilities, consider 
factors like pedestrian volume and speed, physical infrastructure conditions and perceived 
satisfaction levels for comfort, safety and security of the facility. The satisfaction level, 
usually assessed using sample satisfaction survey, is subjective. No comprehensive PLOS 
assessment model conceptualized in this work is available for old cities having mixed 
land-use where well-defined pedestrian facilities might not have usually existed. This 
study eventually identifies relevant PLOS assessment factors for mixed land-use urban 
areas from literary narratives/previous research works and develops a comprehensive 
PLOS assessment model for them considering all these factors. The factors were initially 
grouped into factor groups or parameters using principal component analysis done with 
importance survey responses from 550 pedestrians from Patna and Gaya, two old cities 
of India. Six important parameters have been identified namely safety issues under pedes-
trian traffic interaction; condition of pedestrian infrastructure; pedestrian convenience and 
sense of security; night time walking; encroachment and walking comfort. The model con-
siders pedestrians’ satisfaction for the parameters which is a function of actual conditions 
for the underlying factors and varies from person to person. To eliminate variability, the 
study develops pedestrian satisfaction rating models for each parameter through satisfac-
tion survey, correlating existing pedestrian facility condition to perceived satisfaction level, 
using ordered probit model. Random conditions for each parameter was designed through 
D-Optimal experimental design considering four levels (best to worst) of factor conditions 
and survey was done with 780 participants, each participating in 16 experiments.
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Background

Walking forms an integral mode of travel for short distance commuting and for access-
ing public transport modes. The importance and health benefits of walking in day to day 
lives of people is well recognized. Proper walking infrastructure and continuous evalua-
tion of the same is essential in cities to enable people to walk safely and comfortably. A 
wide range of literature is available focusing on assessment of Pedestrian Level of Service 
(PLOS) for walking infrastructure facilities (Fruin 1971; Khisty 1994; Kadali and Veda-
giri 2015; Majumdar and Mitra 2018; Bivina and Parida 2019). Level of service (LOS) 
of any traffic facility is assessed based on vehicle flow operations considering speed, flow 
and capacity. Initially, the traffic engineers assessed PLOS using methods similar to LOS 
assessment methods for traffic facilities i.e. based on pedestrian flow volumes and capac-
ity of the pedestrian facility (Furin 1971; Mori and Tsukaguchi 1987). However, equat-
ing human and vehicular flow, without considering qualitative aspects, may not provide a 
proper assessment of the facility. To resolve this issue, researchers tried to integrate des-
tination accessibility and distance in PLOS assessment framework (Ewing et  al. 2013). 
Further, researchers have used other quantitative factors such as footpath width, shoulder 
width, buffer zone width and presence of on-street parking for PLOS assessment. Inclu-
sion of qualitative factors to assess level of service offered by pedestrian facilities marked 
an important advancement in the field of PLOS assessment (Sarkar 1993; Khisty 1994; 
Parida and Parida 2007). The qualitative factors considered in PLOS assessment included 
quality of footpath surface, convenience of footpath usage in terms of availability of ramps 
for accessing elevated footpaths, shades for pedestrians, night time lighting etc. and sense 
of safety and security perceived by pedestrians. However, each of these factors may influ-
ence PLOS in a different way. For example, encroachments like presence of street vendors, 
although a hindrance for walking, may enhance a sense of security and provide easy shop-
ping options for pedestrians. Thus, different types of encroachment also affect PLOS per-
ception differently and the effect of different types of encroachments has not been studied 
so far. Table 1 gives a detailed account of both qualitative and quantitative factors, each of 
which act as either encouragement factor or discouragement factor for walking, considered 
for PLOS assessment so far in the past works.

Some recent research works considered land-use type for LOS assessment considering 
land-use type as a categorical variable in the nominal scale (Kadali and Vedagiri 2016; 
Majumder and Mitra 2018). Land-use type was found to be a variable which significantly 
affects LOS of pedestrian and bicycle infrastructure facilities (Rani et al. 2018; Majumdar 
& Mitra 2018). However, the positive or negative effect of a particular land-use type on 
LOS may not indicate that changing the land-use type will essentially change the LOS of 
a facility. Also, it may not be feasible to change land-use type with policy interventions for 
improving LOS of the facility. Land-use in terms of population per unit area or commercial 
activity per unit area may be a better indicator for predicting LOS. Thus, development of 
separate PLOS models for different land-use (Indo-HCM 2017; Bivina and Parida 2018) 
may be a better approach.

Many PLOS assessment models exist for sidewalks and crosswalks and their applica-
tions and limitations had been discussed in detail by Kadali and Vedagiri (2015). Lack of 
consensus in the PLOS assessment outcome for different available PLOS models was dis-
cussed by Karatas and Tuydes-Yaman (2018). Also, no single PLOS model systematically 
consider the contribution of all the factors in deciding the LOS provided by the pedestrian 
infrastructure. The PLOS assessment models available consider pedestrian perceptions for 
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some factors like safety, security and comfort, but the perceptions are subjective. Research 
on PLOS assessment so far was focused on the assessment of PLOS for well-defined pedes-
trian facilities. In some cities footpath is not always available as a well-defined accessible 
elevated path with proper paver blocks. Sometimes the footpath, though available, may not 
be in usable condition throughout the stretch due to various reasons like broken footpath 
surface, presence of waste bins, presence of street vendors or even cars or two-wheelers 
parked on the footpath. Pedestrians are thus compelled to share vehicle carriageway dur-
ing walking even when they are not crossing the roads and their safety may be compro-
mised. Limited research focuses on the development of comprehensive PLOS model for 
such facilities (Kadali and Vedagiri 2016). This work attempts to.

1. Develop comprehensive PLOS assessment model for mixed land-use areas of old cities. 
For the purpose of this study old city refers to “An urban settlement with narrow roads at 
many stretches, where proper footpath is not always available, typically built before the 
advent of motorized vehicles and where scope of widening of road facility for providing 
proper demarcated footpath is limited. With time, expansions have been made around 
such settlements with better road infrastructure. The pedestrians encounter a wide range 
of walking infrastructure conditions from well-defined proper footpaths to inaccessible 
or no footpath where they are forced to share vehicle carriageway while walking” The 
PLOS assessment model uses important factor groups or parameters identified using 
Principal Component Analysis (PCA) of a comprehensive list of relevant factors from 
literature. Importance survey of factors identified from literature was conducted at Patna 
and Gaya, India and this data was used for PCA analysis. Patna, located in North East 
India on the south bank of river Ganges was founded in 490 BCE. The old settlement, 
which covered an area having length of 14 kms and width of 2.82 kms, grew over years 
to its current area of 250  km2 (35 km long and 16.18 km wide). Latitude and longitude 
coordinates of Patna are: 25.612677, 85.158875. The city has mixed land-use and the 
pedestrian infrastructure availability of the city widely varies from no footpaths to well-
defined accessible footpaths. Gaya, located 116 km south of Patna, is surrounded by 
three rocky hills and was built around sixth century BCE. The city of Gaya is similar to 
the city of Patna in terms of pedestrian infrastructure and has an area of 84.5  km2. Lati-
tude and longitude coordinates of Gaya are: 24.780010, 84.981827. The proposed PLOS 
assessment model considers pedestrian satisfaction level for the identified parameters.

2. The scaled satisfaction level or ratings, which depend on the condition of the existing 
pedestrian infrastructure facility, are random and varies from person to person. Con-
sidering the average rating of sample satisfaction perception survey render subjectivity 
to the PLOS predictions. The study also aims to develop scaled or ordered satisfaction 
rating prediction models for PLOS assessment parameters using Ordered Probit models. 
The models relate all possible infrastructure conditions affecting the PLOS factors to 
satisfaction ratings. All possible infrastructure conditions were obtained through ran-
domised design of experiments.

The next section details the method of selection of important parameters for PLOS 
assessment. Section Theoretical background–PCA proposes a PLOS assessment model 
using pedestrians’ satisfaction perception of important PLOS parameters identified 
in Sect.  Selection of important PLOS parameters. Section  Important parameters for 
PLOS assessment details the development of satisfaction perception rating prediction 
models using Ordered Probit model to relate sidewalk condition affecting the PLOS 
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assessment parameters (as illustrated in Table  2) and perceived satisfaction rating. 
The perceived satisfaction rating survey for each parameter was conducted using a set 
of randomised conditions. The set of randomised conditions for each parameter was 
designed through D-Optimal experimental design considering four conditions (best 
to worst) for underlying factors. The section also presents validation of the satisfac-
tion perception rating models done using 100 random experiments for each model. 
Section Proposed PLOS model details the illustration and discussion of the proposed 
PLOS model. Section  Modelling perception ratings presents the conclusions of the 
work.

Selection of important PLOS parameters

The present work aims to develop PLOS assessment model for sidewalks of old cities, hav-
ing mixed land-use i.e. having residential, commercial or shopping and office activity in 
the same place. A list of 24 walking encouragement and discouragement factors were iden-
tified and elaborated in Table 1. Figure 1 illustrates some of the old city sidewalk condi-
tions (as observed in Patna and Gaya, India) and relates them with the factors detailed in 
Table 1.

Importance survey for the 24 walking encouragement and discouragement factors iden-
tified from literature was conducted in two cities namely Patna and Gaya, India. The survey 
was conducted by face to face interviews where the surveyors approached the pedestri-
ans on the roadsides and interviewed them. 550 pedestrians were involved in the survey. 
The pedestrians were asked to rate the importance of each of the 24 factors on a 1 to 5 
scale where 1 indicated least important and 5 indicated very important. The factors were 
explained to the pedestrians in their local language and the surveyors recorded their 
responses individually. In the survey, the surveyors tried to consider view of pedestrians 
of all age groups. 17% of the participants were of age less than 19 years; 44% were in the 
age group of 19 to less than 45 years; 29% were in the age group of 45 to 60 years and 10% 
were of age more than 60 years. In terms of gender, around 65% were male and 35% were 
female pedestrians. The sample proportions of different age groups and gender groups 
were not equal but the sample proportions may be considered as representing the popula-
tion proportions of pedestrians. PCA was conducted with the importance ratings obtained 
for the 24 encouragement and discouragement factors to determine the important param-
eters for PLOS assessment for sidewalks in old cities and their underlying influencing fac-
tors. Section Theoretical background–PCA details the theoretical background of PCA. Sec-
tion Important parameters for PLOS assessment discusses the principal components, which 
are the PLOS assessment parameters, and their underlying factors which were further used 
for PLOS model development.

Theoretical background–PCA

PCA reduces dimensionality of data while retaining maximum information. Dimensional-
ity is reduced by finding ‘s’ uncorrelated or orthogonal components called principal com-
ponents from ‘r’ variables. Here ‘s’ is much smaller than ‘r’ and the variables are meas-
ured n times as vector X. PCA successively maximises the variance for the data and obtains 
‘r’ linear combinations, aT

i
 X called principal components. The [ai] vectors are eigenvec-

tors of the covariance matrix corresponding to ‘r’ largest eigenvalues. Eigenvalue indicates 
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the relative importance of each factor in accounting for the particular set of variables being 
analysed. PCA for 24 identified factors was done using IBM SPSS 16 to obtain the impor-
tant parameters and their underlying factors for PLOS assessment. Scale reliability of the 

Maps showing locations of photographs given below

(A) Encroachment by temporary
vendors

(B) Variable footpath width with 
shop extension encroachment

(C) Footpath with parked vehicle 
and broken unclean surface

(D) Trees on footpath (E) Footpath encroached with 
parked vehicles forcing pedestrians 

to walk on vehicle carriageway

(F) Footpath with inadequate 
width forcing pedestrians to share 

vehicle carriageway

(G)Encroached and broken 
footpath.

(H) Unclean footpath (I) Inadequate footpath width 
with permanent encroachment

Fig. 1  Sidewalk Illustrations from Patna and Gaya, India
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data was tested with Cronbach’s alpha value which defines the internal consistency that 
is, how closely related a set of items are as a group. Data suitability for factor loading and 
sampling adequacy for each variable were tested using Kaiser–Meyer–Olkin (KMO) Test.

Important parameters for PLOS assessment

Six principal components or important parameters were obtained from PCA conducted 
with importance survey data of 24 walking encouragement and discouragement factors. 
It could be observed that all the 24 factors were clustered in the six principal components. 
The six important parameters identified for PLOS assessment were safety issues under 
pedestrian traffic interaction (PTI), availability and condition of pedestrian infrastruc-
ture (PI), pedestrian convenience and sense of security (CS), night time walking (NW), 
encroachment on footpath (EN) and pedestrian walking comfort (PC). The Cronbach’s 
alpha value was 0.834 which indicates good internal consistency. KMO value of 0.823 
indicates that data is adequate for factor loading. Table 2 summarises the important param-
eters obtained from PCA and their underlying influencing factors.

Proposed PLOS model

The proposed PLOS model indicates the walking condition of sidewalks considering sat-
isfaction perception of pedestrians for all the six important PLOS assessment parameters 
identified. Initially the overall PLOS score needs to be calculated using perception scores 
of important PLOS parameters  PPTI,  PPI, etc. using Eq. 1. The perception scores are per-
ceived satisfaction ratings indicated by pedestrians in 1 to 5 scale, where 1 indicates least 
satisfactory and 5 indicates extremely satisfactory, of the six important PLOS parameters 
identified.

PLOSscore greater than 25 corresponds to PLOS A; 22 –25 corresponds to PLOS B; 
18– 21 corresponds to PLOS C; 14 – 17 corresponds to PLOS D; 10– 13 corresponds to 
PLOS E and below 10 corresponds to PLOS F. Here, PLOS A correspond to best level of 
service for sidewalks and PLOS F correspond to worst level of service for sidewalks.

Perception ratings are random and depend on sidewalk conditions. Considering aver-
age perceptions as scaled perception ratings may lead to subjectivity in PLOS outcome. 
Therefore, the authors have developed perception rating models for each of the six param-
eters considering the underlying factors influencing the important PLOS parameters. The 
next section details the development of perception rating models for the six identified 
parameters.

Modelling perception ratings

Pedestrians’ perceived satisfaction level pertaining to any of the identified PLOS 
assessment parameter depends on the underlying factors (detailed in Table  2) of the 
parameter for the candidate sidewalk. For example, the parameter night time walk-
ing (NW) was found to be dependent on three factors namely lighting condition (LN), 

(1)PLOSscore = PPTI + PPI + PCS + PNW + PEN + PPC
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police patrolling at night (PPN) and availability of CCTV cameras (CCTV). Percep-
tion rating of NW will depend on the availability and condition of these factors. The 
condition of each of the component factors may vary from best to worst, and combina-
tion of condition of each component will influence the perception level of the param-
eter. The condition of each of the component factors of the PLOS parameters are clas-
sified in four levels from L1 to L4 where L1 corresponds to the best condition and L4 
corresponds to the worst condition. The levels of each component factors were defined 
and presented in Table 3.

The factors were dummy coded for use in the Ordered Probit Model (Daly et  al. 
2016). The level 1 of each factor was considered as base level or base variable. For 
example the dummy coding for LN factor of NW parameter may be written as given in 
Table 4.

The stated perception ratings of the PLOS assessment parameters were modelled 
as ordered ratings using Ordered Probit Model. This was done by conducting stated 
perception rating experiment using randomised combination experiments of combina-
tion of different condition levels of component factors. Random combination of differ-
ent condition levels for each parameter was obtained using Partial Factorial Design. 
"Design of Randomised Factor Combination Experiment" in Section describes the 
design of random experiment for obtaining combination of factor conditions. "Mod-
elling Perceptions - Ordered Probit Model" in Section describes the development of 
perception rating model using Ordered Probit model and  "Perception rating models" 
in Section describes the perception rating model results. "Safety Issues under Pedes-
trian Traffic Interaction" in Section presents validation of the perception rating models 
developed.

Design of randomised factor combination experiment

The perception rating experiment for each PLOS assessment parameter was conducted 
using a combination of levels of each factor using partial D-optimal factorial design. The 
D-optimality criterion maximises the determinant of the inverse of the variance–covariance 
matrix in maximum likelihood estimation by minimizing joint confidence sphere around 
the complete set of estimated model factors. The experimental design software solutions 
use algorithms to construct D-optimal designs for the smallest possible design that identi-
fies all the necessary combination of factor levels. D-Optimal factorial design for obtain-
ing the main effects of the factors has been widely used in choice modelling experiments 
(Berger et al. 2000; Kanninen 2002; Jhonson et al. 2013). D-Optimal factorial design of 
combination levels for satisfaction perception rating experiment of each PLOS assessment 
parameter was done using IBM SPSS 16. Sixteen combination experiments were obtained 
from factorial design for each assessment parameter. For example, for assessment param-
eter NW, one combination experiment may be Lighting Condition as ‘Very Few lights’ 
or LNL3 (dummy coded as 0 1 0); Police Patrolling at Night as ‘Occasional Patrolling’ or 
PPNL3 (dummy coded as 0 1 0) and Availability of CCTV cameras as ‘Not Available’ or 
CCTVL4 (dummy coded as 0 0 1). Satisfaction perception rating survey for the example 
combination was recorded in 1–5 scale, where 1 indicates not at all satisfactory and 5 indi-
cates very satisfactory.

Satisfaction perception rating survey experiment for sixteen combinations of each 
of the six PLOS assessment parameters was conducted. 780 participants participated in 
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the survey and each participant was given 16 random experiment combinations to rate 
each combination on 1–5 scale. Of these 780 participants, 13% were of age less than 
19 years; 53% were of age group of 19 to less than 45 years; 22% were in age group 
of 45 to 60  years and 12% of age more than 60  years. Among the 780 participants, 
68% were male and 32% were female. The satisfaction perception rating survey was 
conducted as roadside interview survey. Section Modelling perceptions–ordered probit 
model details the development of perception rating model using Ordered Probit model.

Modelling perceptions–ordered probit model

The ordered perceptions for PLOS assessment parameters were modelled using Ordered 
Probit model which considers the ordered nature of the responses. Ordered Probit model 
was used for modelling dependent variable YPParameter , i.e. perception rating response 
(recorded in 1–5 scale) as a function of different levels of component factors X , consid-
ered as dummy categorical variables, of the PLOS parameter. The model may be speci-
fied as shown in Eq. 2.

In the above equation, the β vector is a vector of estimable parameters, and ε is the 
normally distributed random error (Washington et  al. 2011). The perception rating 
model was calibrated for the PLOS parameter using the perception experiment data 
using Maximum Likelihood Estimate to obtain β vector and the thresholds �1,�2&�3 . 
The perception rating for any parameter or combination of factor levels,Pparameter , can be 
obtained using Eq. 3.

The goodness of fit of the logistic regression model may be assessed using the 
adjusted ρ2 statistic which may be estimated using Eq. 4.

(2)YPParameter = �X�

(3)Pparameter =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

1 YPParameter ≤ 0

2, 0 < YPParameter ≤ 𝜇1

3, 𝜇1 < YPParameter ≤ 𝜇2

4, 𝜇2 < YPParameter ≤ 𝜇3

5, YPParameter > 𝜇3

(4)�2 = 1 −
L(�) − k

L(0)

Table 4  Example of variable 
dummy coding for model

Factor Variable cod-
ing

Field situation (from table 3)

LNL1 0 0 0 Lighting all along the way (Base Variable)
LNL2 1 0 0 Most places having lights
LNL3 0 1 0 Very Few lights
LNL4 0 0 1 No lighting
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Here L(0) is the value of the log-likelihood function when all parameters are zero, 
L(β) is the value of the log likelihood function at its maximum and k is the degree of 
freedom. PLOS models were developed considering the best level (L1) as the base level 
of dummy variable.

Perception rating models

Perception rating prediction models were calibrated with the perception survey data 
using LIMDEP 5.0. The perception rating models for all the six PLOS assessment 
parameters are presented in Table 5.

The perception rating models for PLOS assessment parameters relate perception rat-
ing outcomes to the condition of various aspects of the candidate sidewalk. The guidelines 
for assessment of various aspects of sidewalk facility through survey of the facility can be 
obtained from Table 3. The perception ratings for each PLOS assessment parameter can be 
estimated using the calibrated perception rating model and survey of various aspects of the 
sidewalk facility for which PLOS needs to be assessed.

The contribution of condition of various factors on perception levels of individual PLOS 
assessment parameters were studied in detail to obtain insight of pedestrians expectations 
on various aspects of the sidewalk facility. The subsequent subsections present detailed 
assessment of each PLOS assessment parameter and their influencing factors.

Safety issues under pedestrian traffic interaction

The safety issue under Pedestrian Traffic Interaction (PTI) depends on Traffic Volume 
and Flow (TVF), Pavement Marking and Signs (PMS), Buffer Zone (BZ), Unclean Foot-
path (UF) and Open Waste Bins (OWB). UF and OWB discourages pedestrians and they 
are forced to walk close to vehicle carriageway or share vehicle carriageway while walk-
ing. The satisfaction perception of pedestrians for safety issue under PTI or PPTI may be 
obtained from Table 5 or Eqs. 5 and 6.

For example, the perception for safety issues under pedestrian traffic interaction, YPPTI , 
if traffic volume and flow in the carriageway (TVF) is at  L2 condition (i.e. TVF is 1 0 0 or, 
TVFL2 is 1, TVFL3 is 0 and TVFL4 is 0); PMS is at  L4 condition (i.e. 0 0 1); BZ is at  L3 con-
dition (i.e. 0 1 0); UF is at  L1 condition (i.e. 0 0 0) and OWB is at  L2 condition (i.e. 1 0 0) 
may be written as Eq. 7.

(5)

YP
PTI

=4.67 − 0.99TVF
L2 − 1.24TVF

L3 − 2.25TVF
L4 − 0.09PMS

L2

− 0.78PMS
L3 − 0.86PMS

L4 − 0.21BZ
L2 − 0.47BZ

L3 − 0.57BZ
L4

− 0.27UF
L2 − 1.29UF

L3 − 1.01UF
L4 − 0.14OWB

L2 − 0.51UF
L3 − 0.72UF

L4 + �

(6)PPTI =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

1, YPPTI ≤ 0

2, 0 < YPPTI ≤ 1.91

3, 1.91 < YPPTI ≤ 3.43

4, 3.43 < YPPTI ≤ 4.85

5, YPPTI > 4.85
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The perception rating PPTI for the above example condition may be obtained by compar-
ing YPPTI values with the μ values for PTI model in Table 5 and Eq. 4 or from the scale 
provided in Eq. 6.

Marginal effects for the dummy variables were calculated for the PLOS perception pre-
diction models. Marginal effects show the change in probability of different outcomes i.e. 
the perception ratings with the change of levels of dummy variables compared to the base 
variable. The marginal effects for perception rating or probability of change of perception 
rating of PTI for change in levels of TVF, PMS, BZ, UF and OWB from best (L1) to good 
(L2); acceptable (L3) and worst (L4) was calculated and is presented in Table 6.

From Table 6 it may be observed that the change in factor levels of TVF, PMS, BZ, UF 
and OWB affect the perception rating level significantly. Table 6 shows that the satisfac-
tion level of TVF is more sensitive to traffic flow condition (smooth or chaotic) compared 
to traffic volume when pedestrians walk close to carriageway. The probability of pedestri-
ans being unsatisfied (i.e. having perception level 1) increases by 41.6% when low volume 
smooth traffic changes to high volume chaotic traffic whereas same probability decreases 
by 25% when the change is to high traffic volume and non-chaotic flow. It can be observed 
that satisfaction perception level is not much sensitive to change in conditions of PMS or 
BZ. Past studies indicate significant improvement in satisfaction and safety perception of 
pedestrians with adequate pavement marking and buffer zone area (Dixon 1996; Houten 
et al. 2002). The difference in result may be because in mixed land-use areas of old cities, 
properly marked pedestrian sidewalk with buffer from traffic is rare and therefore, pedestri-
ans may not perceive the importance of marking and buffer zone for sidewalks. The satis-
faction level rating was found to be sensitive to usability of available pedestrian infrastruc-
ture as rating was observed to improve with regular cleaning of footpath and removal of 
open waste bin from the footpath.

(7)YPPTI = 4.67 − 0.99 × 1 − 0.86 × 1 − 0.47 × 1 − 0.14 × 1 + �

Table 6  Safety issues under Pedestrian Traffic Interaction (PTI)

Variable P1 (Extremely 
unsatisfied)

P2 (Unsatisfied) P3 (Acceptable) P4 (Satisfied) P5 (Very Satisfied)

TVF – L2 0.1118 0.257 –0.2827 –0.0829 –0.0032
TVF – L3 0.1559 0.2856 –0.3405 –0.0971 –0.0039
TVF – L4 0.416 0.2443 –0.4988 –0.1533 –0.0082
PMS – L2 0.0062 0.029 –0.0249 –0.0099 –0.0004
PMS – L3 0.0771 0.2164 –0.2226 –0.0683 –0.0026
PMS – L4 0.0891 0.2328 –0.2453 –0.0738 –0.0028
BZ – L2 0.0161 0.0688 –0.0611 –0.0228 –0.0009
BZ – L3 0.0402 0.1437 –0.1364 –0.0458 –0.0018
BZ – L4 0.0515 0.1703 –0.1659 –0.0538 –0.0021
UF – L2 0.02 0.0858 –0.076 –0.0286 –0.0012
UF – L3 0.1847 0.2584 –0.3523 –0.0876 –0.0032
UF – L4 0.1141 0.259 –0.2861 –0.0837 –0.0033
OWB – L2 0.0102 0.0458 –0.04 –0.0154 –0.0006
OWB – L3 0.0443 0.1538 –0.1474 –0.0488 –0.0019
OWB – L4 0.0699 0.205 –0.2078 –0.0646 –0.0025
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Availability and condition of pedestrian infrastructure

Availability and Condition of Pedestrian Infrastructure (PI) was found to be an impor-
tant PLOS assessment parameter. Important factors identified for measurement of PI were 
Footpath Width (FW), Footpath Height (FH), Quality of Footpath Surface (QFS), Type of 
Footpath Surface (TFS) and Change in Footpath Height (CFH), as defined in Table 2. The 
marginal effects for satisfaction rating of PI for change in levels of FW, FH, QFS, TFS and 
CFH from best (L1) to good (L2); acceptable (L3) and worst (L4) were calculated and is 
presented in Table 7. For example, FH of 5 cm is considered as the best condition of avail-
ability of elevated footpath, but when footpath height increases, the condition worsens due 
to accessibility issue.

It may be observed from Table  7 that FW is an important parameter and probability 
of being extremely unsatisfied (P1) and unsatisfied (P2) increases by 25.3% and 44.5% 
respectively when footpath width becomes lower than 1.5 m. Literature also suggests that 
footpath width is an important parameter in PLOS assessment (Raad, 2018). As footpaths 
are not provided with ramps, increase of footpath height increases chance of perceived dis-
satisfaction. Frequency of change in footpath height (CFH) also decreases satisfaction. The 
impact of QFS and TFS condition does not cause extreme dissatisfaction to pedestrians.

Pedestrian convenience and sense of security

Convenience and sense of security (CS) provided by pedestrian infrastructure facility, an 
important parameter, had been widely used in PLOS assessment. The factors perceived to 
be important in assessing satisfaction level for pedestrian convenience and sense of security 
are pedestrian volume (PV), roadside shops attracting pedestrians (SAP), electric poles, 
trees etc. causing hindrance to walking (EPH), sidewalk maintenance (SM), and availabil-
ity of covered dustbins at regular intervals (CD). Table 8 presents the marginal effects for 

Table 7  Availability and condition of pedestrian infrastructure (PI)

Variables P1 (Extremely 
unsatisfied)

P2 (Unsatisfied) P3 (Acceptable) P4 (Satisfied) P5 (Very satisfied)

FW – L2 0.0578 0.3073 –0.159 –0.1967 –0.0095
FW – L3 0.0996 0.3865 –0.2267 –0.2471 –0.0124
FW – L4 0.2531 0.4454 –0.3425 –0.3353 –0.0207
FH – L2 0.0113 0.1 –0.0376 –0.0701 –0.0036
FH – L3 0.0311 0.2147 –0.0972 –0.1418 –0.0069
FH – L4 0.0279 0.1996 –0.0883 –0.1327 –0.0065
QFS– L2 0.0117 0.1026 –0.0388 –0.0718 –0.0037
QFS– L3 0.0267 0.1936 –0.0849 –0.1291 –0.0063
QFS – L4 0.0507 0.2873 –0.1444 –0.1848 –0.0089
TFS – L2 0.0069 0.0666 –0.0227 –0.0481 –0.0026
TFS – L3 0.0666 0.3065 –0.177 –0.1879 –0.0082
TFS – L4 0.0498 0.2843 –0.1422 –0.183 –0.0088
CFH – L2 0.0075 0.0698 –0.0248 –0.0498 –0.0027
CFH– L3 0.029 0.2047 –0.0912 –0.1358 –0.0066
CFH– L4 0.0259 0.1894 –0.0825 –0.1265 –0.0062
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satisfaction rating of CS for change in conditions of PV, SAP, EPH, SM and CD from best 
(L1) to good (L2), acceptable (L3) and worst (L4).

It may be observed from Table 8 that satisfaction levels of satisfied (P4) and very satis-
fied (P5) were not sensitive to change of pedestrian facility condition. This can be due to 
the fact that the scale interval of satisfaction perception level P3 is large (ranging from 
2.2–9.42) and shift in satisfaction perception from P3 to P4 will require significant change 
in condition of the factors. The available pedestrian facility for mixed land-use areas of 
old cities usually have many shops, very few covered dustbins and generally have electric 
poles at the middle of the footpath causing hindrance to walking. In this situation, pedes-
trians cannot perceive the best condition and provide a satisfaction level of acceptable (P3) 
or below in most conditions. Also it may be observed that the satisfaction rating is most 
sensitive to PV and as PV decreases the dissatisfaction increases rapidly. High pedestrian 
volume provides a sense of security to the users. This reconfirms the findings from past 
work (Mackett 2001).

Night time walking

Night time walking (NW) condition provided by pedestrian facility is an important param-
eter for PLOS assessment. Satisfaction rating of NW conditions depend on lighting facil-
ity (LN), police patrolling (PPN) and availability of video surveillance facilities or CCTV 
cameras (CCTV). Table 9 presents the marginal effects for perception rating or probability 
of change of perception rating of NW for change in availability conditions of LN, PPN and 
CCTV from best (L1) to good (L2); acceptable (L3) and worst (L4).

It may be observed from Table 9 that perception of satisfaction level was more sensitive 
to availability and frequency of CCTV cameras focussing to keep constant surveillance on 
sidewalk compared to PPN. LN condition was also an important parameter and satisfaction 
level assessment was very sensitive to LN for night time walking condition.

Table 8  Pedestrian convenience and sense of security (CS)

Variables P1 (Extremely 
unsatisfied)

P2 (Unsatisfied) P3 (Acceptable) P4 (Satisfied) P5 (Very 
satisfied)

PV – L2 0.6177 0.3546 –0.9724 0 0
PV – L3 0.7588 0.2236 –0.9825 0 0
PV – L4 0.9654 0.0287 –0.9941 0 0
SAP – L2 0.0011 0.0772 –0.0783 0 0
SAP – L3 0.1188 0.673 –0.7918 0 0
SAP – L4 0.2305 0.6558 –0.8863 0 0
EPH – L2 –0.0008 –0.0778 0.0786 0 0
EPH – L3 0.0408 0.561 –0.6018 0 0
EPH – L4 0.0485 0.5857 –0.6342 0 0
SM – L2 0.0009 0.0673 –0.0682 0 0
SM – L3 0.4204 0.498 –0.9184 0 0
SM – L4 0.1452 0.6778 –0.8231 0 0
CD – L2 0.0083 0.3062 –0.3145 0 0
CD – L3 0.0975 0.6618 –0.7593 0 0
CD – L4 0.1298 0.676 –0.8059 0 0
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Encroachment on footpath

Footpath encroachment (EN) is commonly observed in old cities having mixed land-use. 
EN had been identified as an important PLOS assessment parameter at many places (Kram-
beck 2006; Jensen 2007; Juremalani and Chauhan 2017). The effect of type of encroach-
ment on satisfaction rating of sidewalks has not been studied so far. In this work, effect of 
type of encroachment on satisfaction perception of pedestrian facility was studied. EN can 
be due to vendors (ETV), shop extensions displaying goods on footpaths (EPS) or due to 
illegally parked vehicles on the footpath (IPV). The effect of the proportion of footpath 
encroached by vendors, shop extensions and parked vehicles on satisfaction level was stud-
ied by developing satisfaction rating model presented in Table  5. Table  10 presents the 
marginal effects for satisfaction rating of EN for change in conditions of ETV, EPS and 
IPV from best (L1) to good (L2), acceptable (L3) and worst (L4).

It can be observed that encroachment due to effect of shop extension causes greater dis-
comfort to pedestrians compared to illegally parked vehicles or street vendors for the same 
level of partial encroachment.

Table 9  Night time walking (NW)

Variables P1 (Extremely 
unsatisfied)

P2 (Unsatisfied) P3 (Acceptable) P4 (Satisfied) P5 (Very satisfied)

LN – L2 0.0003 0.0208 0.0383 –0.0395 –0.0199
LN – L3 0.0036 0.1416 0.1708 –0.2295 –0.0865
LN – L4 0.0431 0.4651 0.1682 –0.5016 –0.1748
PPN – L2 0.0104 0.2576 0.2106 –0.3565 –0.122
PPN – L3 0.002 0.0966 0.1358 –0.1668 –0.0677
PPN – L4 0.0427 0.4636 0.1689 –0.5008 –0.1744
CCTV – L2 0.0027 0.1192 0.1551 –0.1993 –0.0777
CCTV– L3 0.0058 0.1899 0.1948 –0.2878 –0.1028
CCTV – L4 0.0298 0.4088 0.1912 –0.4699 –0.1599

Table 10  Encroachment on Footpath (EN)

Variables P1 (Extremely 
unsatisfied)

P2 (Unsatisfied) P3 (Acceptable) P4 (Satisfied) P5 (Very satisfied)

ETV–L2 0.0032 0.0365 0.0316 –0.0501 –0.0212
ETV–L3 0.0211 0.1719 0.0921 –0.2116 –0.0735
ETV–L4 0.1259 0.425 0.0292 –0.4353 –0.1449
EPS–L2 0.0463 0.278 0.0922 –0.3142 –0.1023
EPS–L3 0.0135 0.1248 0.0797 –0.1597 –0.0584
EPS–L4 0.126 0.425 0.0292 –0.4353 –0.1449
IPV–L2 0.0188 0.1589 0.0895 –0.1976 –0.0695
IPV–L3 0.0303 0.2178 0.0966 –0.2582 –0.0865
IPV–L4 0.0973 0.3898 0.0527 –0.4071 –0.1328
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Pedestrian walking comfort

Pedestrian walking comfort (PC) level and satisfaction for comfort level had been widely 
used as an important PLOS assessment parameter in PLOS literature (Asadi-Shekari et al. 
2014; Rani et al 2018; Yang et al. 2019). Satisfaction level for PC while walking was found 
to be dependent on the availability of shades and trees along footpath (ST), availability of 
access ramps to elevated footpath (RAF) and availability of seating facility and drinking 
water (AMN) at convenient intervals. Table11 presents the marginal effects for perception 
rating or probability of change of perception rating of PC for change in conditions of ST, 
RAF and AMN from best (L1) to good (L2), acceptable (L3) and worst (L4).

It can be observed that all the identified comfort parameters affect the satisfaction rating 
of PC significantly.

Perception rating model validation

The perception rating models were validated by comparing actual and predicted perception 
ratings for 100 perception rating experiments for each model. Table 12 presents the actual 
and predicted satisfaction rating outcomes.

It may be observed from the comparison of predicted and actual satisfaction ratings that 
the predicted ratings from the models developed and actual satisfaction ratings show sig-
nificant similarity for all models.

Proposed PLOS model–illustration and discussion

The proposed PLOS model takes into consideration user’s satisfaction level for all the 
relevant pedestrian infrastructure related factors which affect walkability of sidewalks 
and their relative importance through perception rating models. In an attempt to illus-
trate the use of the proposed PLOS assessment model, five locations of Patna, India 
namely Bailey road, Boring road, Kankarbagh road, Ashok Rajpath and Rajendra 
Nagar, having widely varying sidewalk conditions, were selected and attempt was made 
to assess their PLOS using the proposed model. The locations were surveyed to get the 
details of the sidewalk conditions related to the identified PLOS assessment parameters 

Table 11  Pedestrian walking comfort (PC)

Variables P1 (Extremely 
unsatisfied)

P2 (Unsatisfied) P3 (Acceptable) P4 (Satisfied) P5 (Very satisfied)

ST–L2 0.0286 0.1322 –0.1052 –0.0547 –0.0009
ST–L3 0.1111 0.312 –0.3046 –0.1165 –0.002
ST–L4 0.4915 0.3224 –0.5847 –0.2227 –0.0065
RAF–L2 0.2042 0.379 –0.4294 –0.1507 –0.003
RAF–L3 0.0672 0.2402 –0.2143 –0.0915 –0.0015
RAF–L4 0.4893 0.3235 –0.5841 –0.2222 –0.0065
AMN–L2 0.1028 0.3012 –0.2895 –0.1125 –0.0019
AMN–L3 0.1704 0.3638 –0.3917 –0.1399 –0.0027
AMN–L4 0.4125 0.3585 –0.5615 –0.204 –0.0054
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namely safety issues under pedestrian traffic interaction, availability and condition of 
pedestrian infrastructure, pedestrian convenience and sense of security, night time walk-
ing conditions, encroachment on footpath and pedestrian walking comfort. For record-
ing details of condition of each PLOS assessment parameter, the condition of their 
underlying factors were recorded in a scale of best to worst following the guidelines 
proposed in Table 3. For example, for recording condition of ‘availability and condi-
tion of pedestrian infrastructure’, footpath width, footpath height, condition of footpath 
surface, type of footpath surface and change in footpath height per km observed were 
recorded. If the footpath width was more than 2 m, the condition of footpath width was 
recorded as L1 or best condition and if there were more than 10 height changes per km, 
the footpath height change was recorded as L4 or worst condition. Then using the inputs 

Table 12  Validation of perception model

Principle components Actual perception Predicted per-
ception

Safety issues under Pedestrian Traffic Interaction (PTI) 1 2 3 4 5
1 0 5 0 0 0
2 0 33 18 0 0
3 0 8 24 0 0
4 0 0 0 6 3
5 0 0 0 0 3

Availability and Condition of Pedestrian Infrastructure (PI) 1 0 3 0 0 0
2 0 19 23 0 0
3 0 2 39 1 0
4 0 0 1 5 3
5 0 0 0 0 4

Pedestrian Convenience and Sense of Security (CS) 1 0 5 0 0 0
2 0 31 7 0 0
3 0 4 40 0 0
4 0 0 0 6 4
5 0 0 0 0 3

Night time Walking (NW) 1 0 0 0 0 0
2 0 7 3 1 0
3 0 4 8 10 0
4 0 1 9 33 1
5 0 0 0 11 12

Encroachment on Footpath (EN) 1 0 10 6 0 0
2 0 2 9 10 0
3 0 0 5 38 2
4 0 0 0 7 5
5 0 0 0 0 6

Pedestrian Walking Comfort (PC) 1 7 3 1 0 0
2 4 8 10 0 0
3 1 8 34 1 0
4 0 0 11 6 1
5 0 0 0 0 5
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from survey and proposed satisfaction rating models detailed in Table 5, the satisfaction 
ratings for the six identified PLOS assessment parameters i.e. PPTI, PPI, PCS, PNW, PEN 
and PPC were determined. The perception score and PLOS outcome were then estimated 
from the proposed PLOS model detailed in Sect.  3. The five locations surveyed had 
PLOS outcomes of A, B, C, D and E and Fig. 2 gives a detailed account of the pedes-
trian facilities of these locations.

PLOS Description Perception Score PLOS Level

Example PLOS:A
Bailey Road

Continuous footpath of width >2m. 
Wide buffer zone used for vehicle 
parking. Height change <2 per km.
Clean good surface. Regular police 
patrolling makes the sidewalk safe.
No major encroachment or 
hindrance observed apart from a 
few poles. Convenience amenities 
like seating facility also observed at
few points.

PPTI 4
PPI 5
PCS 4
PNW 5
PEN 4
PPC 4
TOTAL 26

A

Example PLOS:B
Kankarbagh Road

Continuous footpath of width >2m
with 3 to 5 height changes per km. 
Buffer zone width <0.6m. Clean
footpath with good surface. Regular 
police patrolling makes the 
sidewalk safe. Partial encroachment 
with vendor.

PPTI 3
PPI 5
PCS 3
PNW 4
PEN 4
PPC 3
TOTAL 22

B

Example PLOS:C
Rajendra Nagar

Sidewalk width between 1.5m and 
2m. No buffer observed. 
Encroachment observed at many 
places. Height change between 6 to 
10 per km. Night time walking is 
safe as there are number of shops 
and pedestrian volume is high.

PPTI 2
PPI 3
PCS 1
PNW 4
PEN 4
PPC 4
TOTAL 18

C

Example PLOS:D
Boring Road

Footpath between 1.5m – 2m wide 
with no buffer zone. Heavy 
encroachment observed, 
occasionally forcing pedestrians to 
share vehicle carriageway. Since 
pedestrian volume is high it is safe 
for night time walking. Footpath is 
not cleaned or maintained 
regularly. 

PPTI 2
PPI 3
PCS 2
PNW 4
PEN 2
PPC 3
TOTAL 16

D

Example PLOS:E
Ashok Rajpath

Footpath width <1.5 m with heavily 
broken and unclean surface making 
the facility unusable at many places 
and forcing pedestrians to walk on 
vehicle carriageway. Heavy 
encroachment present. No CCTV 
cameras or police patrolling makes
night walking unsafe.

PPTI 1
PPI 2
PCS 2
PNW 2
PEN 2
PPC 1
TOTAL 10

E

(A)

(B)

(C)

(D)

(E)

Fig. 2  PLOS assessment illustrations
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Conclusions

In this work, a PLOS assessment model for sidewalks was developed for mixed land-use 
areas of old cities. A conceptual definition of old city was developed for this study. Level of 
service indicates pedestrians’ satisfaction level with the available walking infrastructure in 
the city. Pedestrians’ satisfaction level depends on various sidewalk-related factors, which 
can be broadly classified as encouragement factors and discouragement factors for walk-
ing. Initially, 24 encouragement and discouragement factors relevant for walking condition 
assessment of sidewalks had been identified from literature. The importance assigned to 
these factors by pedestrians regularly using the sidewalks of typical old city, as conceptual-
ized for this study, was recorded through survey. The importance assigned to these 24 fac-
tors were recorded in a scale of 1 – 5 where 1 indicates least important and 5 indicates very 
important and 550 pedestrians from Patna and Gaya, India participated in the survey. With 
these importance ratings, six important PLOS assessment parameters and their underlying 
influencing factors were identified using PCA. The six important PLOS assessment param-
eters identified were safety issues under pedestrian traffic interaction (PTI), availability and 
condition of pedestrian infrastructure (PI), pedestrian convenience and sense of security 
(CS), night time walking (NW), encroachment on footpath (EN) and pedestrian walking 
comfort (PC). PTI included traffic volume and flow condition, footpath markings, pres-
ence of buffer zone, cleanliness of footpath and presence of open waste bin on footpath. PI 
included footpath height, width, surface type and condition and change of footpath height 
per kilometre. CS included pedestrian volume, roadside vendors attracting pedestrians, 
presence of electric poles causing hindrance to walking, sidewalk maintenance and avail-
ability of covered waste bins at regular intervals. NW included factors like night time light-
ing of footpath, availability of CCTV and police patrolling. EN included encroachment by 
temporary vendors, shop extensions on footpath and illegally parked vehicles on footpath. 
PC included presence of shades for pedestrians, availability of seating facility and drinking 
water and presence of access ramps for elevated footpaths. The proposed PLOS model con-
siders pedestrians’ perception for these six identified parameters in a scale of 1 – 5 where 1 
indicates least satisfactory and 5 indicates extremely satisfactory.

The satisfaction rating of a given footpath any pedestrian is expected to provide for any 
parameter depends on the condition of the sidewalk pertaining to the parameter. The con-
dition of the sidewalk pertaining to any parameter depends on the condition of underly-
ing factors which were obtained from PCA. The usual practice for obtaining pedestrians’ 
perception for PLOS assessment parameters is through satisfaction survey that involves a 
great deal of survey effort. Moreover, the PLOS outcome depends on the sample of pedes-
trians surveyed and no clear guideline is provided to the surveyors for doing the survey of 
pedestrian population. The unique feature of the present work is the calibration of satisfac-
tion rating scales for all the identified PLOS assessment parameters. The satisfaction rating 
scales relate sidewalk condition pertaining to each parameter to expected satisfaction rating 
provided by pedestrians used to the old city conditions.

Six perception rating models were developed to predict ordered satisfaction ratings 
(in 1–5 scale) for infrastructure conditions for the six PLOS assessment parameters using 
Ordered Probit Models, which takes into account the variability in human perception. 
Randomised design of experiments for different scenarios were used to relate infrastruc-
ture conditions affecting PLOS assessment parameters and satisfaction perception ratings. 
The perception ratings for the six PLOS assessment parameters can be predicted using the 
model which requires the sidewalk condition and this can be obtained by surveying the 
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sidewalk condition using the survey guidelines proposed in this work. This helps to do 
away with the requirement of pedestrian survey for PLOS assessment. The proposed per-
ception rating models accommodate a wide range of sidewalk infrastructure variability as 
expected in the conceptualized old city settings and can be used for assessing all types of 
walking conditions.

The proposed PLOS assessment model is an effort to eliminate variability in outcomes 
of various PLOS models suggested in literature and suggest a methodology for eliminating 
pedestrian survey for PLOS assessment with models using qualitative parameters. The per-
ception rating models developed in the study can not only be used for determining PLOS of a 
sidewalk stretch but may be used as a tool for designing focused sidewalk improvement strate-
gies as minute contribution of each underlying factor in PLOS perception may be obtained 
from the perception rating models as discussed in detail in the paper. Also the proposed frame-
work for development of perception rating models may be used as a guideline for development 
of similar perception rating models for other types of cities and land-use conditions.
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