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ABSTRACT 1 

In this paper, we present an adaptive and personalized routing model for individuals with 2 
disabilities. The model enables users to define their preferences in route. A dynamic route 3 
planning for wheelchair users is required to account for all constraints changing by time with a 4 
cost function. Although navigation systems have favored a simpler static route planning, static 5 
planning is only satisfactory when conditions of intermediate nodes in the route networks are 6 
consistent, and the same fixed routes are valid every day. Recalculating the static version without 7 
modeling nonlinear function for the cost to a destination may not appropriately reflect vulnerable 8 
road users' personal preference and tolerance to time. Previous studies in the literature only 9 
focused on the effects of the static factors. This article presents a dynamic adaptive wayfinding 10 
technique that uses a combination of two approaches, weighting base on users' choices and 11 
dynamic routing, to compute the optimal route. The optimal policies based on Markov Decision 12 
Process (MDP) find the most accessible route adaptively. The MDP method has a lower average 13 
in compare with shortest path that means the routes are more accessible (optimum) on average. 14 

Keywords: Personalization, Dynamic Routing, Markov Decision Process, Trip Planner, Public 15 
Transit 16 
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INTRODUCTION 1 
 2 
Mobility of people with special needs such as wheelchair users is demanding and prevent them to 3 
participate in regular social life, especially in new and unfamiliar places, where they must 4 
overwhelm a range of obstacles, including individuals and surroundings (Ding et al.,2007). The 5 
existing designs of the built environments and public transportation systems do not entirely fulfill 6 
the needs of disabled people in terms of mobility and accessibility (Poldma et al.,2014). According 7 
to a survey among wheelchair users a narrow sidewalk, steep slope, bad weather, sidewalk surface, 8 
congested cuts are examples of outdoor obstructions for their navigation (Meyers et al.,2002). 9 
Figure 1 shows a steep slope in the sidewalk network. Specific standards were presented by the 10 
Americans with Disability Act (ADA) and Architecture Barriers Act, to increase the accessibility 11 
to urban structure facilities of people with disability. However environmental barriers still limit 12 
the accessibility of the urban areas and public transportation systems for disabled individuals, 13 
which affects the quality of their social life (McClain et al.,1993). Finding inaccessible places in 14 
the current pavement network as a short-term solution instead of redesigning urban transportation 15 
and sidewalk networks as a long-term solution can accelerate helping the mobility of disabled 16 
people (Ferrari et al.,2014). Furthermore, this framework can also be applied to the overall 17 
population using the trip planner. 18 

  Figure 1 Steep slope in sidewalk network 19 
 20 
In recent years, the usages of online navigation systems have been increased (Ding et al. ,2007; 21 
Hahm et al.,2017; Patel et al.,2006). The online routing frameworks can help pedestrians and 22 
disabled people to adopt new changes in unknown environments. Online response from 23 
navigation frameworks to the users can contribute to finding the best route based on user 24 
preferences (Amirgholy et al.,2017). Although current navigation systems find the shortest path 25 
for pedestrians, walkers are interested in more factors than the shortest path from origin to 26 
destination (Hahm et al.,2017; Alfonzo,2005; Borst et al.,2009; Rodriguez et al.,2015). 27 
Considering the mobility and preferences of disabled individuals, the most available and feasible 28 
route, which may be longer is the optimum choice. For example, a very narrow path in a 29 
recommended shortest path from routing services is inaccessible for people with mobility 30 
impairments (Turhanlar et al.,2013). The length of the trip is one of the first elements that 31 
travelers consider in selecting their routes. Pedestrians take into account a variety of personal 32 
preferences and environmental parameters in selecting a preferred route (Amirgholy et al.,2017). 33 
People with disabilities have different physical conditions and demands, which is necessary to 34 
consider in route navigation (Hashemi and Karimi,2017). Disabled individuals' preferences and 35 
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needs may differ from other pedestrians; a designed routing system should facilitate users to 1 
have a customized route. The accessibility of such a system might motivate Vulnerable Road 2 
Users (VRU) to take part more in social and outdoor activities. 3 

There is a range of various factors that can affect the users with disability preference in 4 
the network. The related works of literature are agreed on four factors that significantly 5 
influenced people with disabilities especially wheelchair user's choice of route, namely: width of 6 
sidewalk segments, distance to the destination, slope, surface type, and quality. Previous studies 7 
consider disabled individuals' preferences in routing, which all of them were static route 8 
planning. Static routing is good enough in the same fixed routes for every day and the same 9 
circumstances routing. To summarize, this paper has the following two contributions to fill the 10 
above gaps: 11 

• The hybrid smart routing system using real-time information of route and cope with 12 
unpredictable events in route 13 

• Adaptive trip planning incorporate routing base on changing preferences of disabled 14 
users in route 15 

The structure of the remainder of this paper is as follows: the section titled literature 16 
review provides a review of some related work for navigation and routing services, including 17 
VRU’s preferences. Section Methods outlines the adaptive, personalized routing systems for 18 
mobility-impaired users. Section Result includes an implementation result of a real-world 19 
example of the proposed method. 20 

 21 
LITERATURE REVIEW 22 

In this section, we review some researches on route planning and wayfinding for people 23 
with disabilities (PWDs). The first generation of navigation systems and researches that aid with 24 
disabled people was the pre-trip planning system. Most of these systems were mainly concern 25 
about finding the shortest distance for mobility impairment users without focusing on the 26 
preferences of users. A few numbers of researches try to use techniques that can do personalized 27 
routing regarding users’ preferences and environmental barriers, and factors. 28 

Wayfinding base on network information and personal preferences 29 
 30 

Izumi et al. (2007) developed a method that take into account physical and mental 31 
burden to determine the route that is the easiest to pass through for people with mobility 32 
disabilities. They extended Dijkstra algorithm to identify routes with barriers that are not 33 
available. Karimi et al. (2014) argue that despite the widespread usage of computer base 34 
wayfinding and navigation services, current systems cannot meet individuals’ impairment 35 
demands. They suggested a hybrid method of incorporating experience-centric and compute-36 
centric. To provide a more robust approach, they use the benefits of both approaches. 37 
 Inada et al. (2014) investigated an experiment in the pedestrian network in the city center of 38 
Kumamoto, Japan. They consider eight factors to determine a weighted average for scores of 39 
factors and impedance levels of different sidewalk segments. They concluded that their proposed 40 
method could suggest an optimal path that is close to the user route in comparison to the shortest 41 
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path. Kasemsuppakorn et al. (2015) proposed a technique for wheelchair routing called Absolute 1 
Restriction Method (ARM) base on users’ choice for routing. The authors also proposed three 2 
sections in their study, including pre-activity, activity, and post-activity. They develop a 3 
navigation system that uses route preferences and environmental attributes to find personalized 4 
routes. The study and experimental result demonstrated that personalized routes are more 5 
suitable for VRU in compare to the shortest routes. Mobasheri et al. (2017) investigated the 6 
OpenStreetMap (OSM) sidewalk database suitability use for mobility-impaired users. They 7 
evaluate OSM since the dataset includes several features and different quality, which to need to 8 
assess before using in projects. The experimental results showed that OSM was good enough for 9 
navigating wheelchair users if the data related to, for example, location accuracy, controlled.   10 
The issue related to wayfinding approaches exclusively dependent on data about network 11 
information and user preferences is it may not effectively or sufficiently address preferences 12 
people with disabilities. 13 

Collaborative Wayfinding approach 14 
 15 

Some few types of research take into account collaborative disabled individuals wayfinding. 16 
Volker and Weber (2008) designed a wayfinding client/server system called RouteChecker that 17 
provides a personalized, collaborative route for disabled individuals. To determine the weights of 18 
parameters, they asked users directly, the system was able using geographic data and preferences 19 
of the user as well. Hashemi and Karimi (2017) studied an approach with personalized route and 20 
sidewalk network information incorporating wayfinding base on wheelchair users’ scores. They 21 
used a weighting approach to enable disabled users to set their personalized importance of 22 
factors. The proposed collaborative method was able to find an accessible route. Most of the 23 
studies and current wayfinding and navigation systems for PWDs often fail to address VRU 24 
requirements adaptively. In this paper, we proposed a VRU personalized, optimum, and dynamic 25 
(POD) wayfinding that is the first real-time and adaptive navigation approach based on users’ 26 
preferences. As mentioned, the method enables disabled users to set their preferences to calculate 27 
the optimal route interactively. The proposed use of dynamic information update features and 28 
alerting a new route plan by incorporating some of the predicted information from the database. 29 
Table 1. summarize different studies methods and our research method. 30 

 31 

 32 

 33 

 34 

 35 
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Table 1 .Summary of different method in VRU routing 1 

 2 

Methods  3 
All navigation system/service is based on finding the best route between origin and destination, 4 
which is given by the user (Karimi et al.,2011). The proposed method in this paper is a 5 
personalized optimum route between a given pair of origin and destination. The adapted 6 
personalized routing considers sidewalk network as a graph in which nodes represent sidewalk 7 
connections and edges represent sidewalk segments. The method is incorporated in a cost 8 
function computing dynamically cost value for each edge of the sidewalk segment during the 9 
VRU’s trip.  10 

Sidewalk Accessibility Factor Selection 11 
Some common factors used for disabled individuals routing describe in Table 2. The 12 
accessibility of each pedestrian segment for mobility impaired users in this paper is defined by 13 
five main parameters: width, length, slope, sidewalk surface type and weather condition. Four of 14 
these factors are come from the ADA standard (2010) and has been used by, (Hashemi and 15 
Karimi ,2017), (Karimi et al. ,2011), (Kasemsuppakorn and Karimi ,2008), and analysis of data 16 
collection for wheelchair user navigation (Ding et al.,2007; Ferrari et al.,2014), additionally, 17 
weather condition cause affect slope of sidewalk and sidewalk surface (Cooper et al.,2012). 18 
Some studies extended and used additional or other factors such as physical burden 19 
(Kasemsuppakorn et al.,2015; Karimi et al.,2011) and sidewalk traffic (Kasemsuppakorn and 20 
Karimi ,2008; Kasemsuppakorn and Karimi,2009). Novack et al. (1985) incorporated factors 21 
such as Greenness, Sociability, and Quietness factors. With the use of these factors, there have 22 
been different software’s developed, such as Open Street Map, U-Access, Wheelmap, MAGUS, 23 
and AXSmap and European project such as ASK-IT, OASIS. 24 

Title Method 

Izumi et al. (2007) physical and mental burden, Field survey, identify 
routes with barriers 

Volker and Weber 
(2008) 

Geographic data, personalized routing, score of 
parameters, ask users directly 

Karimi et al. (2014) Experience-centric and compute-centric, personalized 
routing 

Inada et al. (2014) Weight average for scores of parameters, personalized 
routing 

Kasemsuppakorn et al. 
(2015) 

Field survey, personalized routing, calculating 
impedance level and cost 

Mobasheri et al. (2017) Completeness of (OSM) sidewalk database, calculate 
quality parameter 

Hashemi and Karimi 
(2017) 

Scores of parameters, personalized routing, comparison 
matrix 

Our research Personalized routing score of parameters, adaptive 
routing 
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Table 2. Sidewalk criteria for VRU 1 

 2 

The ADA standard determines the sidewalk parameter as follows: the width of the 3 
sidewalk should have minimum clearance at 36 inches or 3 feet (Figure 2). Any sidewalk width 4 
less than this does not meet the minimum requirement for mobility impaired users. However, 5 
sidewalks can be constructed wider than this. Sidewalks are less than 60 inches (5 feet) across, 6 
passing spaces must be constructed at set intervals, and length of a sidewalk section is the 7 
distance between the start node and end node. Sidewalk surface must be stable solid and resistant 8 
to slide. Materials that are often used in sidewalk surface are concrete, asphalt, stone, brick, and 9 
gravel. The most common form of sidewalk material is concrete in the United States, and the 10 
second material is asphalt in the United States (26). The slope of the sidewalk must be less than 11 
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1:20. The requirement of a sidewalk which crosses a curb, especially at the street intersection is a 1 
curb ramp that provides the transition between sidewalks and street crossings. Each variable 𝑥 is 2 
normalized (𝑥"), and the weight of each factor x is calculated regarding wheelchair user choices 3 
and preferences by using the Analytic Hierarchy Process (AHP) method. The proposed method 4 
also can cope with unexpected happening (construction) in VRUs ' route that is demanding to 5 
navigate and using real-time routing, which is based on the Markov decision process (MDP) 6 
method policies.  7 

 8 

Figure 2 Accessibility of width (21)    9 

     10 

ANALYTIC HIERARCHICAL PROCESS (AHP) 11 
The Analytic Hierarchy Process has been used in making the decision with multiple 12 

objectives and criteria by finding out how much more important a parameter or object is than 13 
another. AHP has been used in a various field and application such as benefit-cost analysis, 14 
evaluation, selection, allocations, planning and development, priority and ranking, decision 15 
making, forecasting, medicine and related fields (27). In this paper to personalized dynamic 16 
wayfinding, we used AHP for weighting VRU preferences and choices. 17 

 AHP presented by Satty (1980) and is a method of decision making. Decisions involve 18 
several criteria that need to be a trade-off; in AHP, a decision hierarchy is built based on 19 
objective, condition, and another possibility. The scale of numbers that indicates the importance 20 
of the dominant of one factor over another factor is needed. A scale of relative importance made 21 
criteria pairwise compared to their weight regarding the objective. Relative scales are combined 22 
by weighting and adding processes to determine the best alternative (28). The objective of AHP 23 
is to make a function of each factors weight in the form of Equation 1: 24 

f(x&; x(; … ; x*) = w&x& + w(x( + ⋯+w*x*                                                            (1) 25 

To obtain weights for each factor if there is a 𝑛	objectives, the method use an 𝑛 × 𝑛 26 
matrix A which is pairwise comparison matrix, each cell of matrix (𝑎45) in row 𝑖	and column 27 
𝑗	denote how much more important objective 𝑖 is than 𝑗 objective importance is assessing on 28 
ranges from 1-9 where 1 means parameter 𝑖	and 𝑗	are of equal importance, and 9 means objective 29 
𝑖 is extremely important than objective	𝑗. If objective 1 is 5 times more important than objective 30 
2, then objective 2 is one fifth as important as objective 1. Generally, 𝑛(𝑛 − 1) ∕ 2	comparison is 31 
required in which diagonal elements are equal to 1, and the other elements will simply be the 32 
reciprocals of the earlier comparisons. AHP method assigns a weight to each pedestrian 33 
parameters and computes preferences of users. To calculate the weight of each parameter for 34 
individual VRU in this paper we use the dataset of Kasemsuppakorn et al. (20) which is based on 35 
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ADA standard. They used questions that are answered by each user to figure out the value of 1 
each factors’ weights. Each question includes a comparison of the importance of two parameters 2 
that are asked from users. The importance of each parameter defined by five levels of Extremely, 3 
Very Strongly, Strongly, Moderately, No Difference. According to the answer of the user to the 4 
questions, a binary comparison matrix can be built. The weights that are obtained from the AHP 5 
method are used in our proposed cost function to determine the accessibility of each segment of 6 
the sidewalk. In the proposed method in dynamic routing according to VRU preferences we 7 
calculate cost function for each sidewalk segment, more details related to how we applied the 8 
weight of each parameter from AHP is described in section Adaptive Personalized Dynamic 9 
Routing. 10 

     11 
MARKOV DECISION PROCESS  12 

The second method that we used in our dynamic routing based on VRU’s preferences is 13 
the Markov Decision Process (MDP), which is properly can model dynamic and stochastic 14 
decision making. MDP can solve routing problems, coincidentally incorporating information 15 
about the unpredictability of future events. In this paper, MDP is used to model dynamic routing 16 
in uncertain events (e.g. construction) in VRU navigation from origin to destination. The MDP 17 
approach is an effective method and solution that correctly address the problems with an 18 
unpredictable outcome in the environments. This method was first considered by Bellman (1957) 19 
and Howard (1960), which is a mathematical and stochastic process where future state depends 20 
only on the most recent state information (29). Markov decision process has been widely used in 21 
different projects such as finance and investment, overbooking, sports, patient admissions, 22 
location, design of experiments, inspection, maintenance, and repair. Rosenthal et al. (30) 23 
applied the MDP method to a service facility to find a new location to meet demands for its 24 
service. Norman (25) used MDP in a tennis player problem to find the probability of winning in 25 
a given game (31). Markov Decision model include five elements: decision epochs, a set of 26 
possible world state𝑠 ∈ 𝑆, a set of possible action	𝑎 ∈ 𝐴, reward function and r,  𝑟: 𝑆 × 𝐴	 × 𝑆 →27 
	ℛ	. 𝑟 , the transition probabilities for Markov process state 𝑆 and next state 𝑆′ is defined by 28 
(Equation 2): 29 

 30 
𝑃GGH = 𝑃[𝑆JK& = 𝑠H|	𝑆J = 𝑠]                             (2) 31 

𝑅	(𝑠, 𝑎, 𝑠H)		Represents the reward when applying the action 𝒂	in the state 𝑺	which leads to the 32 
state		𝒔′.                           33 

 34 
An MDP is a tuple  M= 〈S,A,𝑃GGHT ,𝑅GGHT  ,𝛾〉		where S is a state space, 𝐴	is a set of action, 𝑃GGHT 	is the 35 
state transition probability function that define the probability of transition from state S to state 36 
𝑠′, 𝑅GGHT 	is a reward function for action a, 𝛾 is a discount factor, where  𝛾∈ [0, 1]. A policy is a 37 
function  𝜋(𝑠): 𝑆 ⟶ 𝐴 that takes current state to an action. The value of each of acting 𝑎 under 38 
policy 𝜋 in state 𝑠 is (Equation 3): 39 

 40 

VZ(s) = 𝔼[] γ_`&a
_b& r_   ] ∀	s ∈ S                                (3) 41 

Which is equal the expected sum of rewards gained for an agent starting from state𝑠	. The value 42 
is based on the policy that the agent picks action. 43 
 44 
 45 
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An optimal value that has higher value among all possible value for all states is given by 1 
(Equation 4): 2 

V∗(s) = 		VZZ
ghi (S)																			∀	s ∈ S                            (4) 3 

 4 
The optimal policy 𝜋∗ which corresponds to optimal value is given by (Equation 5): 5 

𝜋∗ = 𝑎𝑟𝑔	𝑚𝑎𝑥l	𝑉l(𝑠)																					∀	𝑠 ∈ 𝑆																										(5) 6 
 7 

The goal of MDP is to find a policy that gives all optimal actions on each state in a given 8 
environment. It is more effective than simple routing planning since the policy shows the optimal 9 
action when an unpredictable event happens. For motivation, consider a PWDs navigating from a 10 
starting point to a destination point that may encounter an unexpected construction. MDP method 11 
can guide the user away from the rout with construction using policies. More detailed about how 12 
MDP applied to our real-time routing for mobility impairments users provided in Adaptive 13 
Personalized Dynamic Routing. 14 

                15 
ADAPTIVE PERSONALIZED DYNAMIC ROUTING  16 

Given the time-dependent stochastic sidewalk network for VRU, the initial state of the 17 
system, and a destination; an adaptive policy is one that minimizes the total expected cost, 18 
subject to a constraint that destination reaches within a threshold with probability. One such 19 
constraint can be tiredness (manual wheelchair users) or battery power (motorized wheelchair 20 
users). While it is commonly assumed that route choices in stochastic networks are purely 21 
governed by the expected cost of travel; when minimizing this objective, a traveler might deviate 22 
significantly from an a priori path, or cycle multiple times before reaching the destination. When 23 
VRU faces a choice due to available information, travelers choose a subset of available links, 24 
called the attractive set, such that the expected travel cost to the destination minimize and this 25 
done to satisfy certain constraints. In this paper, we proposed an adaptive route finding based on 26 
user preferences and unexpected events. Treatment of the adaptive routing for VRU can 27 
formulate as the MDP. Once the weight of each pedestrian route segment calculates from the 28 
AHP method, we need to allocate a cost to each sidewalk path segments. Equation 6 is used to 29 
calculate the cost function based on parameters that define sidewalk accessibility for VRU is 30 
given by:  31 

 32 
𝐶(4,5) = 𝑊q(𝑡)𝑆q +𝑊s(𝑡)𝑆s +𝑊Gt(𝑡)𝑆Gt𝑆qu +𝑊Gv(𝑡)𝑆Gv𝑆qu                               (6) 33 

Where Sw,	Sx	,Swy ,Sz{, Sz|  are scores for width, length, weather condition, slope and surface 34 
type respectively that are used instead of actual values which are different in range.𝑊q ,𝑊s ,𝑊Gt 35 
,𝑊Gv are the weights for width, length, slope and surface type. As explained in AHP section the 36 
summation of weights is one (Equation 7). 37 

𝑊q(𝑡) +𝑊s(𝑡) +𝑊Gt(𝑡) +𝑊Gv(𝑡) = 1			(𝐹𝑟𝑜𝑚	𝐴𝐻𝑃	𝑎𝑝𝑝𝑝𝑟𝑜𝑎𝑐ℎ)                     (7) 38 

Let	𝑥	be the actual values of each parameter; Equation 8 is used to calculate 𝑥"  that is the 39 
normalized value or the score of the factors (Equation 8). 40 

           𝑥"= �`�4�(�)
�T�(�)`�4�(�)

                                                                                                     (8)                                       41 

The initial values of weights for each parameter is calculated using the AHP method. In 42 
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our proposed dynamic routing model sidewalk width that is less than ADA standards considered 1 
as level 0 and pruned from the network. Five levels of surface type are considered based on field 2 
survey where level 1 indicates best and more accessible, and level 5 shows the worst condition and 3 
defined as level 1 for concrete, level 2 for Asphalt, level 3 for Brick, level 4 for Cobblestone and 4 
level 5 for Gravel (18). Three levels of weather conditions are defined. Level 1 indicates the best 5 
weather condition and level 3 the worst condition, which is level 1 sunny, level 2 rainy, and level 6 
3 snowy. We assume that as the user approaches the destination, these values will vary to reflect 7 
the traveler’s preference change and a desire to arrive at the destination more quickly than take 8 
detours which may have been the case if the initial weight for preference still used. For instance, 9 
a traveler who has covered about 70% of a trip may because of tiredness and other consideration 10 
want to get the destination with minimal detours as possible. This can be done by varying, for 11 
instance, the weights assigned to the parameters. To consider unexpected construction in VRU 12 
navigation, we define the states of our MDP by the current position, the time VRU were there and 13 
whether construction occurred at that time stage. 14 
The state of the system at decision epoch 𝑘	is the tuple 𝑠� = (𝑛�, 𝑡�, 𝑐�),	where 𝑛�	in N is the 15 
users’ current location, 𝑡�	in the range [0, T] is the time of arrival to	𝑛�		, and 𝑐� is construction. 16 
The state space is the set    S= N× t�∈ [0, T] × {0	, 1}� 17 

 18 

𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛(𝑖𝑛	𝑒𝑎𝑐ℎ	𝑟𝑜𝑢𝑡	𝑙𝑖𝑛𝑘) = �
0
1

																											
											𝑖𝑓	𝑡ℎ𝑒𝑟𝑒	𝑖𝑠	𝑛𝑜𝑡	𝑎	𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛								

																				𝑖𝑓	𝑡ℎ𝑒𝑟𝑒	𝑖𝑠	𝑎	𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛																																															
																																					

 19 

If we assume a time window of [0-10] and a stage represented by a unit of time, then we can say 20 
that the decisions of a traveler who is in the first stage and encounters an unexpected construction 21 
will be different from another traveler who is in the ninth stage and encounters an unexpected 22 
construction. 23 

REAL-WORLD EXAMPLE IN BOSTON NETWORK  24 

Several challenges make VRUs’ routing demanding like 1) comprehensive database 25 
regarding VRUs’ routing needs for each sidewalk segment from the origin to destination 2) 26 
differences in physical environments. To evaluate the usefulness of our proposed method and 27 
calculate a cost for each sidewalk segment, we used the Boston sidewalk inventory, which includes 28 
width, length, slope, and sidewalk surface type. Figure 3 shows the Boston sidewalk conditions 29 
(32). Table 3 shows a sample database characteristic of the Boston sidewalk inventory (33). 30 

 31 
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Figure 3 A satellite view of the Boston sidewalk network (32) 1 

 2 

TABLE 3 Boston sidewalk inventory (33) 3 

 4 

In the database, SWD_ID indicates a unique ID associated with each sidewalk segment, 5 
SWK_WIDTH indicates the average width of the sidewalk, Shape.ST Length, SWK_SLOPE, 6 
MATERIAL shows the length of the sidewalk, average cross slope (perpendicular to the path of 7 
travel) in %, primary sidewalk material (CC- Cement Concrete, BC - Bituminous Concrete) 8 

SWD_ID SWK_WIDTH Shape.ST Length SWK_SLOPE MATERIAL 
15739 4 931.9775324 3.9 BC 
5439 8 282.649369 3.8 BC 
4777 17.5 1662.671837 0.8 BC 
4778 17 1561.205981 1.8 BC 
4779 18.5 1791.473169 

 

0.7 BC 
4949 15.2 1416.268866 2 CC 
4948 15.5 1226.37165 1.5 CC 
5476 12 312.5817051 3.9 CC 
5475 14 306.143638 3.9 CC 
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respectively. The weather condition information provides through an online web-based data set 1 
such as Open Weather Map. We assume that VRUs’ experience the same weather condition 2 
during his/her short trip, for instance, if the weather is sunny at the origin, it will be sunny during 3 
the trip and at the destination. The database of VRU that used in this paper includes five 4 
attendants who were new in the environment of study that is provided by Kasemsuppakorn et al. 5 
(18). The dataset collected through a field survey that includes five participants of one female 6 
and four males who were between 20 to 40 years old. The properties of the participants in this 7 
dataset were age, gender, disability type, wheelchair make and model, most concern parameter, 8 
and their fitness level. The level of fitness determines the VRUs’ degree of tiredness and ability 9 
of endurance in different sidewalks slope. A scale from 1 to 10 indicate the level of fitness that a 10 
low fitness and a high was represented by 1 and ten respectively. The 80% of participants of the 11 
survey were perceived fitness level of higher than 5 and the female with orthopedic impairments 12 
who has a low level of fitness (level 2). The male participant who uses a wheelchair for the 13 
highest number of years in this survey with spinal cord injury was 24 years. Based on the 14 
sidewalk inventory information and preferences of the user, our adaptive dynamic wayfinding 15 
method use MDP to find the optimal policy and choose the best route for the user. 16 

RESULT  17 

To evaluate the route obtained from the model presented in the Method section, they are 18 
compared with the routes obtained from the shortest path between the same pairs of origin and 19 
destination and with the same user preferences. We randomly generated one-hundred route 20 
planning scenarios, i.e., origin-destination pairs, a time window of [0-10] is assumed that a stage 21 
represented by a unit of time. The user’s preferences are randomly set, but they are the same for 22 
both approaches for comparison purposes. These one-hundred trips were all within the city of 23 
Boston. As mention in the previous section, the dynamic factor in our model is the construction 24 
that is an unexpected event in VRUs’ route. We also consider three different time steps, at the 25 
beginning of each of these one-hundred trips (T=1), in the middle of the trips (T=5) and when 26 
the user is approaching the destination (T=8). The average and standard deviation of total 27 
distance for the MDP and shortest path approaches are listed in Table 4. The MDP method has a 28 
lower average that means the routes are more accessible (optimum) on average. For T=8 the 29 
decisions of a traveler who is in the ninth stage and encounters an unexpected construction will 30 
be different from another traveler who is the first stage and encounters an unexpected 31 
construction. 32 

TABLE 4 Average and standard deviation of total distance of routes obtained from 33 
different approaches 34 

 Time Standard 
Deviation 

Average 

Adaptive 
approach 

T=1 1.2612 1.0094 

Shortest Path T=5 1.4811 1.2011 

At T=8, we generate two different scenarios to find the optimal and adaptive route. In 35 
scenario one, the user is a female user with a lower level of fitness and preference of slope and 36 
surface type. When she approached the destination and covered 70% of her trip, preference 37 
change, and want to get the destination with minimal detours as possible. In scenario two, the 38 
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user is a male user with a higher fitness level and preferences of surface condition and slope, 1 
respectively. It means this specific user is more concern about surface condition and slope. 2 
During his trip, he faced an unexpected construction in his route. 3 

Figure 4.a and Figure 4.b show how the MDP dynamically finds the personalized, 4 
optimum, and dynamic (POD) route based on user preferences and changing the user preferences 5 
during her trip in scenario one and unexpected construction that happened in scenario two. The 6 
two different adaptive wayfinding based on two scenarios, which mentioned in the same pair of 7 
origin and destination. In Figure 4.a based on user preferences that are slope and surface type, 8 
MDP finds the route with concrete instead of Asphalt which occurs found in the shortest path 9 
and a gentle slope but after 70 %, of the trip because of a low level of fitness the user preference 10 
change and choose the shortest path. In Figure 4.b based on user preference that is surface type 11 
and slope, MDP finds concrete and gentle slope, as it showed when an unexpected construction 12 
happened in user’s rout MDP can find an optimal path and dynamic routing where can be 13 
accessible for the user.  14 

Figure 4.a Scenario one, adaptive path and shortest path 15 

 16 

 17 
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Figure 4.b Scenario two, adaptive path with unexpected construction and shortest path    1 

 2 

To illustrate the performances of the decision making under changing cost and routing method for 3 
disabled people, and to compare with the shortest path, we carry out the case study on a simulated 4 
mid-size network. There are 36 nodes and 60 links in the network, and we assume that we have 5 
full real-time information on all the links. In our case study as mentioned in the previous section, 6 
we consider the sidewalk network as a graph in which nodes represent sidewalk connections and 7 
edges represent sidewalk segments, the weight of each edge calculated according to the cost 8 
function. we conducted a number of trips from starting node (node 0) as the origin to node ending 9 
node (node 35) as the destination to shows how adaptive routing path suggestions affected by 10 
different scenarios based on different preferences of users (see figure 5). The preferences of users 11 
are changing by time, obstacle location is random as well. The study conducted in a time frame 12 
[0-20] minutes of user’s walk and 4-time steps. User 1 initially at the beginning of the trip [step 1] 13 
preferred better slope but longer travel time, user 2 preferred wide width of the sidewalk, user 3 14 
preferred better sidewalk surface type that could be Asphalt, user 4 preferred fastest travel time 15 
with a higher slope. Preferences may keep changing every time step according to the different 16 
users. As can be seen base on preferences of different users adaptive routing can suggest the 17 
optimal and accessible route. 18 

 19 

 20 
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Figure 5. Shows how the preference of users affect the adaptive routing method path 1 

suggestion  2 

Figure 6.a and Figure 6.b show how the MDP adapt the different path in routing and the 3 
comparison with the shortest path method that its objective is to minimize the cost of the path. In 4 
various scenarios, we have different origin-destination pairs and the location of the obstacles is 5 
random. The preferences of four users in these experiments are similar to figure 5. As can be 6 
observed MDP can cope with an unexpected obstacle (unexpected construction) in VRU’s 7 
routing and find the accessible routes for people with disabilities. Table 5 shows the different 8 
cost of the path from the MDP and the Shortest path method. 9 
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 Figure 6.a Shows how MDP adapt different path compare to Shortest Path  1 

Figure 6.b Shows how MDP adapt different path compare to Shortest Path 2 

 3 

 4 
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Table 5 Cost per path for Shortest Path and MDP method 1 

 MDP cost per path Shortest Path cost per path 
Scenario 1 68.20298607 70.42880879 
Scenario 2 65.60152606 67.72087658 
Scenario 3 58.46073379 60.7467746    
Scenario 4 63.04835036 65.33928732 

 2 

Figure 7 a, b and c shows different scenarios in various weather conditions and the comparison 3 
with the shortest path method as well. As we have mentioned earlier weather conditions can 4 
affect the accessibility of the sidewalk. Slick surfaces of sidewalk due to rain and snow greatly 5 
impact wheelchair users. As shown, we carry out different scenarios in sunny, snowy and rainy 6 
weather. In sunny weather condition MDP choose the optimal route for the user, in rainy and 7 
snowy weather condition, the proposed adaptive method can direct the user in a route with lower 8 
slope and better sidewalk surface. Table 6 shows the different cost of the path from MDP and 9 
Shortest path method in sunny, snowy and rainy weather conditions. The cost of the path from 10 
MDP model in rainy and snowy weather is more than Shortest path method, the reason is in rainy 11 
and snowy weather some of the sidewalk segment is not accessible and MDP method tries to find 12 
the optimum route that may increase the cost of the path. 13 

 14 

Figure 7.a Comparison with different MDP path suggestions in sunny weather  15 
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Figure 7.b Comparison with different MDP path suggestions in snowy weather  1 

 2 

Figure 7.c Comparison with different MDP path suggestions in rainy weather 3 
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Table 6 Cost per path for Shortest Path and MDP method 1 

 MDP Shortest Path 
Sunny 59.01363806 60.13396605 
Snowy 60.70148807 58.05473113 
Rainy 61.18269423 59.64162513 

 2 

Moreover, to evaluate the performance of the adaptive routing in wayfinding for disabled people,  3 

We compare the route suggestion of the MDP model and the Time-Dependent shortest path. We  4 

generate travel with the random location of obstacles. We can notice that adaptive dynamic  5 

routing is able to cope with unexpected obstacles and find the accessible route in compare to  6 

the Time-Dependent shortest path. 7 

Figure 8. Comparison MDP path suggestion and Time-Dependent Shortest Path suggestion 8 

 9 

 10 
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A Monte Carlo simulation is conducted to capture the cost of the route based on routing policies 1 
from MDP and path cost based on routing from the Time-Dependent Shortest Path method. The 2 
simulation is run for 100 random origins destinations pairs. As can be seen, the MDP approach 3 
has a lower median meaning the routes are more accessible(optimal) on average. 4 

 5 

Figure 9. Boxplot of Monte Carlo simulation results for path cost based on routing policies from 6 
MDP and path cost based on routing from Time-Dependent Shortest Path 7 

 8 

Besides, to validate the proposed model, we calculate quantities such as average sidewalk 9 
surface type and average slope. We compared the calculated quantities from our adaptive and 10 
dynamic method with the shortest path of Google Maps. Two tests conducted, in the first test, 11 
sidewalk surface type is the most critical parameter, the lower the sidewalk surface type score, 12 
the better the sidewalk quality will be. In the second test, the slope of the sidewalk is the most 13 
important factor; the lower sidewalk slope score, the better the sidewalk quality will be. Figure 14 
10.a and Figure 10.b represent the comparison graphs: average surface type and average slope, 15 
respectively. As shown in Figure 10.a, 85.71% of routes recommended by MDP have the lowest 16 
average sidewalk surface type score. In the second test, as shown in Figure 10.b, 71.42% of 17 
routes recommended by MDP have the lowest average sidewalk slope score. We perform another 18 
test to verify that the adaptive method in this paper would develop the results base on users’ 19 
preferences. Figure 11.a and Figure11.b shows the weight factors of each sidewalk parameter 20 
for two different users respectively. User 1 put more importance to the sidewalk surface type, 21 
and user 2 put more importance to the sidewalk slope. 22 
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 1 

Figure 10.a The average sidewalk surface type score comparison between MDP and 2 
shortest path 3 

 4 

 5 

Figure 10.b The average slope score comparison between MDP and shortest path                                                                                                                                                                                                                                                                                                                                                                   6 
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 1 

 2 

Figure 11.a The weight factors of each sidewalk parameter for user 1       3 

 4 

 5 

 6 

Figure 11.b The weight factors of each sidewalk parameter for user2 7 

 8 

CONCLUSION  9 

A dynamic route planning for wheelchair users is required to account for all constraints 10 
changing by time with a cost function. Although transportation agencies have favored a simpler 11 
static route planning, static planning is only satisfactory when conditions of intermediate nodes 12 
in the transportation networks are consistent and the same fixed routes are valid every day. In 13 
this paper, a personalized adaptive wayfinding method for disabled individuals is presented. The 14 
VRUPOD wayfinding approach is based on the sidewalk network. It is an optimum accessible 15 
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route because the factors affecting the accessibility of the route considered. It is adaptive, real-1 
time since it can navigate VRU in unexpected happening and explore unfamiliar places through 2 
the MDP method. The optimal policies based on MDP find the most accessible route adaptively. 3 
The technique is personalized wayfinding since disabled users choose the importance of 4 
parameters affecting the sidewalk by the AHP method. The proposed approach compared with 5 
the shortest path route. The average sidewalk surface type score and average slope score in route 6 
recommended by MDP were the lowest. We believe that the proposed method can be used as a 7 
trip planner in navigation services for pedestrians. 8 

 9 
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