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Abstract

Route planning (RP) enables individuals to navigate in unfamiliar environments. Current RP methodologies generate
routes that optimize criteria relevant to the traveling distance or time, whereas most of them do not consider personal
preferences or needs. Also, most of the current smart wearable assistive navigation systems offer limited support to indi-
viduals with disabilities by providing obstacle avoidance instructions, but often neglecting their special requirements
with respect to the route quality. Motivated by the mobility needs of such individuals, this study proposes a novel RP
framework for assistive navigation that copes these open issues. The framework is based on a novel mixed 0-1 integer
nonlinear programming model for solving the RP problem with constraints originating from the needs of individuals
with disabilities; unlike previous models, it minimizes: (1) the collision risk with obstacles within a path by prioritizing
the safer paths; (2) the walking time; (3) the number of turns by constructing smooth paths, and (4) the loss of cultural
interest by penalizing multiple crossovers of the same paths, while satisfying user preferences, such as points of interest
to visit and a desired tour duration. The proposed framework is applied for the development of a system module for
safe navigation of visually impaired individuals (Vlls) in outdoor cultural spaces. The module is evaluated in a variety of
navigation scenarios with different parameters. The results demonstrate the comparative advantage of our RP model
over relevant state-of-the-art models, by generating safer and more convenient routes for the Vlis.

Keywords Multi-objective decision making - Quadratic programming - Integer programming - Personalized route
planning - Assistive navigation system - Navigation
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1 Introduction 4] and robot navigation [5], a little attention has been

given to route planning for supporting the sensitive social

Route planning (RP) algorithms have witnessed a swift
development in recent years. Geographic information sys-
tem (GIS) in combination with online libraries for street
information has played a significant role in the develop-
ment of efficient methodologies for addressing the prob-
lem of RP. Although a considerable attention has been
given to air traffic management [1, 2], transportation [3,

groups, such as the elderly, or individuals with disabilities.
Outdoor environmental barriers, such as moving obstacles
and pavement conditions, cultivate the feeling of loss of
independence among aging individuals, or individuals
with mobility and vision limitations. The lack of sufficient
information concerning the surrounding environment
usually results in route plans that fail to meet the user
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needs for safety and accessibility. To support the navi-
gation of such user groups, novel RP models need to be
developed. Such models should enable guidance through
safer routes where special facilities, such as routes with a
tactile pavement, exist, extending at the same time their
application to outdoor cultural spaces for social engage-
ment and networking.

1.1 Route planning and smart assistive systems
for individuals with disabilities

Regarding the support of individuals with disabilities and
especially the visually impaired individuals (VIIs), smart
wearable assistive systems have been proposed [6], includ-
ing object detection [7] and text recognition systems [8,
9]. However, even though various wearable assistive sys-
tems have been developed for safe navigation of Viis [6],
most of them focus on obstacle detection and avoidance
[10-12]. The majority of them have been applied mainly in
indoor environments, whereas only a few of them address
RP tasks [13, 14]. Most of the RP approaches considered
are based on shortest path algorithms without satisfying
at the same time a combination of the aforementioned
requirements of individuals with disabilities. To address
this issue, in this study a RP multi-objective decision-mak-
ing framework is proposed to support the existing smart
wearable navigation assistive systems.

In this paper, we propose a novel framework based on
novel 0-1 integer nonlinear programming (INLP) model
that copes with the aforementioned limitations. The INLP
model minimizes a multi-objective function composed
of a safety term, a physical fatigue term, a route smooth-
ness term and a touring experience term. The safety term
aims to minimize the risk of a user to walk on a dangerous
path, as it can be characterized by its terrain condition and
morphology, prioritizing paths with special installations
for individuals with disabilities. The physical fatigue term
minimizes the travel time needed for a user to visit the
selected points of interest (POls), to minimize the walk-
ing distance for people with disabilities. Therefore, these
people will be able to enjoy the tour with limited physical
fatigue. Another important term that is being optimized
by the INLP model is the route smoothness term. The route
smoothness term avoids the abrupt and repetitive route
deviations and changes since people with disabilities, such
as the Vlls, should always feel safe, walking on as straight
routes as possible, making it easier to maintain their ori-
entation [15, 16]. Also, the cultural experience term maxi-
mizes the cultural experience of the visitor by penalizing
the multiple crossovers of paths, especially of the ones
with low cultural value.

It is worth noting that recent studies have shown that
it is important for the VlIs to be able to personally visit
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the cultural spaces [16, 17], as this can provide them with
a personal experience through non-visual interactions
with the environment, e.g., by touching the marbles of
an ancient monument and exploring in person with real-
time descriptions the cultural spaces, and thus prevent
their marginalization from social activities. It should also
be noted that legislations, policies and initiatives toward
an inclusive society have been established in the last dec-
ades, to reinforce the opportunities of individuals with dis-
abilities for equal participation to social life, education and
culture. The visits to cultural spaces can also be considered
as a means of lifelong learning, which can be beneficial
especially to those who experience difficulties in adapt-
ing to formal learning environments, including the VlIs [16,
17].To support the accessibility of the Vlis to cultural infor-
mation and to allow them to sense the‘interactive nature’
of a cultural visit, cultural experience aspects have been
incorporated in the proposed model. The model considers
the cultural value of the paths to guide Vlls to areas where
they can experience a cultural visit with their senses. Also,
apart from the visually impaired users, the proposed RP
framework is suitable for other user groups that need to
travel safely and conveniently to enjoy routes with cultural
value, including individuals with other types of disabilities,
e.g., kinetic disabilities, or the elderly.

The proposed framework is applied for the develop-
ment of an RP module for a smart wearable assistive sys-
tem (Fig. 1). This module is developed in accordance with
the users’ requirements of visually impaired individuals
[16] to provide assistive navigation with emphasis to out-
door cultural spaces, such as the Ancient Market in the
Historical Triangle of Athens in Greece. The RP module
interacts with another module of the assistive system,
dedicated to obstacle detection (OD). The OD module can
be based on one of the current methodologies proposed
for this purpose, such as [10-12]. The RP module generates
an optimal route in the area under examination, which can
be dynamically updated based on the information on the
location of possible unmapped obstacles appearing in
the user’s way. Figure 1 illustrates a pair of smart glasses
equipped with cameras, as an example of a commonly
adopted wearable assistive system for Vlls [6], to illustrate
the use of the RP module.

1.2 Related work for route planning modeling

RP models have been proposed for safe navigation or
coordination for risk mitigation. An approach on RP for
safe navigation include a mixed integer linear program-
ming (MILP) model and a metaheuristic simulated anneal-
ing algorithm [18] to generate an evacuation plan to guide
the evacuees through urban streets and crosswalks to safe
areas or their destinations. Another study for 3D space
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Fig. 1 Example of route planning module applied in the context of wearable assistive system

evacuation planning was proposed [19] to maximize the
utilization of the evacuation that exits and to minimize the
whole evacuation delay by using a heuristic greedy binary
search algorithm. In [20], a bi-objective integer program-
ming (IP) model was used to guide children from school
to their homes via safe walking routes with the minimum
risk and distance. In [21], a Dijkstra-based algorithm was
proposed for safe RP by taking into account the presence
of moving obstacles in the paths and their influence in
the road network in case of emergency or disaster. In [22],
a RP model and a path planning algorithm based on A*
algorithm were developed for minimizing the pedestri-
an’s exposition to air pollution. An evacuation method for
large-scale crowd in cultural museum based on mutation
prediction RFID was proposed [23] by dynamically adapt-
ing the crowd flow prediction with the tracking speed
from RFID. A 0-1 MILP model was proposed in [24], based
on the Max-K-Coverage problem [25], for optimizing an
aerial vehicle search-path in case of emergency. IP was also
used in [26] to coordinate the activities of emergency and
repair crews in an optimal way based on the location of
the emergency and the scheduling of the repair crews. In
most of the above studies, their efficiency in finding the
optimal route plan lies on the fact that the time is not a
critical factor which makes the case unrealistic in evacua-
tion or disaster scenarios.

RP has also been investigated in the context of tour-
ism. In [27], different mixed integer linear programming
(MILP) models were proposed for determining efficient
routes of ecotourism targeting to maximize the cultural
experience of the visitors through the traveled path. In
[28], the Adaptive large neighborhood search method [29]
was used to address the RP problem helping tourists to
find shopping locations for agricultural products. In [30],

the cosine similarity algorithm was adopted for provid-
ing sightseeing routes of high cultural interest in Japan. In
[31], a 3-stage framework targets on satisfying user pref-
erences for visiting selected POl by generating an opti-
mal personalized route. A tour route planning model was
proposed [32] targeting to maximize the tourism experi-
ence within a specific budget and time frame by satisfy-
ing real-time requirements of Web or mobile users. The
method avoids tourists to pass through dangerous zones
or areas. A metaheuristic algorithm was proposed in [33]
for addressing the tourist trip design problem formulated
as a mixed team orienteering problem with time windows.
However, most of the above studies are based on prefixed
routes, while others do not include in their models tourism
attraction congestion or traveling time on the route. Also,
the heuristic methods may not provide the best solution
trapping into local solutions.

Several studies indicate that RP can be useful for indi-
viduals with disabilities or the elderly. Most of them are
dedicated to RP for wheelchair users formulated: (1) in a
graph-based approach [34] employing a greedy algorithm,
Floyd-Warshall algorithm [35], to minimize the average
shortest path length by selecting the nearly best short-
cut edges to be inserted in the refined graph; (2) in a bot-
tom-up graph approach [36] with integrated geographic
information system (GIS) maps; and (3) in a framework
incorporating a data model for both indoor and outdoor
accessibility, based on modified Dijkstra algorithm [37].
In [38], a working prototype for a mobile RP for people
aging with mobility disabilities was presented. The appli-
cation provides information about the roads and streets,
enabling the users to design their routes based on ques-
tionnaires. Another similar application, employing Google
Directions API [39], was proposed in [40] for generating
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outdoor routes for visual impaired individuals (VIls) in
order to reach their destination.

A summary of the related work is provided in Table 1.
Despite the work that has already been done in this field,
there are still several limitations in the current RP solu-
tions. These limitations include the use of predefined and

integrated routes and/or to mapped roads and streets
based on open navigation services and online libraries,
such as Google Directions API, and the JavaScript APl Yan-
dex.Map [41]. However, only few of them, such as Routino
[42] and OpenTripPlanner [43], provide limited informa-
tion concerning facilities for people with special needs

Table 1 Summary table of literature related work

Target

Model

Algorithm

Route planning models with safety aspects
Safe and fast routes [21]

Minimization of the total walking and trave-
ling time [18]

Shortest path [19]

Minimization of the total risk and the walking
distance [20]

Minimization of the pedestrian’s exposition
to air pollution [22]

Maximization of the accuracy of evacuation
direction [23]

Maximization of the cumulative probability
of obstacle detection [24]

Minimization of the traveled distance
between the emergency responders and
the demands [26]

Route planning models with tourist aspects

Maximization of the cultural transmission
experienced by the visitors along the path
traveled [27]

The lowest total traveling distance and prod-
uct transport distance [28]

Route recommendations are made based on
travel time [30]

Maximization of the corresponding score
function such as the feasible solution query
with respect to distance [31]

Maximization of the tourism experience
utility within the tour time and cost budget
[32]

Maximization of the overall collected profit
such as cultural experience [33]

Route planning models with disability aspects

The shortest path for users with wheelchair
[34]

The shortest path for users with wheelchair
[36]

Minimization of the travel time of paths for
indoor and outdoor for users with wheel-
chair [37]

Maximization of the community mobility of
people with mobility and vision limitations
[38]

The shortest path between an initial loca-
tion and a destination for visual impaired
individuals [40]

Graph-based model
Mixed integer linear model

Priority-oriented route network constructing
problem

Bi-objective integer programming model

Layer hierarchical model

Regression prediction model

0-1 integer linear programming based on

max-k-coverage problem
Integer programming

Integer linear programming based on the
traveling salesman problem

A graph-based model
A graph-based model with prefixed routes

Ranged-R-Tree

Mixed 0-1 mixed integer linear program-
ming model

Mixed team orienteering problem with time
windows

A graph-based model
Based on existing GIS data model

Based on existing GIS data model

Based on existing GIS data structures

Based on Google Fused Location Provider API

Dijkstra-based algorithm
Simulated annealing algorithm

Heuristic greedy binary search algorithm
Pareto analysis

A* search algorithm

RFID-based mutation prediction algorithm
K-step-lookahead planning method for an

aerial vehicle search-path

Lagrangian relaxation and sub-gradient
heuristic algorithm

Minimum cost Hamiltonian cycle algorithm

Adaptive large neighborhood search method
Cosine similarity algorithm

Query process

Heuristic algorithm

Iterated local search metaheuristic

Greedy Floyd-Warshall algorithm
Shortest path algorithms

a modified Dijkstra algorithm

Analytical hierarchy process for scoring the
routes

Google Directions API to calculate a path
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and failing to guide users in unmapped areas. Also, most
of the studies focus only on optimizing with respect to
traveled distance or safest distance or duration. In case
of individuals with disabilities, such as visual impairment,
few studies have been conducted to navigate them not
only safely but also by engaging them in social activities,
such as visits in outdoor cultural places. It should also
be mentioned that most of the studies regarding route
planning for individuals with disabilities do not consider
route smoothness (with respect to route deviations and
changes). To the best of our knowledge, no previous meth-
odology has been implemented for individuals with dis-
abilities to navigate them in outdoor spaces by optimizing
a multi-objective function taking into account the safeness
of the route, the travel distance, the route smoothness and
their preferences with respect to their touring experience,
e.g., visiting a tourist area with cultural interest.

The rest of this paper unfolds as follows. The next sec-
tion briefly presents the context of use of the route plan-
ning module for a wearable assistive navigation system
and defines the RP problem under investigation and the
proposed MINLP formulation. Section 3 presents the
results obtained from various experiments with discus-
sion, and in Sect. 4 the conclusions and the future work
are presented.

2 Materials and methods

This section presents the context of use of the route plan-
ning framework in our study for a wearable smart assistive
system, emphasizing on the implementation of the route
planning module as a 0-1 mixed integer programming
model.

2.1 Context of use

The RP module presented in this study is intended for a
wearable smart assistive system to guide the individuals

with disabilities in outdoor cultural environments. The sys-
tem aims to navigate the users safely in an area of inter-
est by proposing an optimal route, alerting for obstacles
in the path and providing valuable cultural information.
Therefore, the proposed mathematical formulation covers
the objectives of the system’s operation by constructing a
safe, smooth and cultural routes satisfying both the user
preferences and needs.

An example of the navigation process of the RP module
is illustrated in Fig. 2. Initially, the area of interest should
be mapped, and the safety and cultural parameters of the
proposed MINLP model can be defined by an in situ obser-
vation of the area of interest. Based on this information,
an undirected graph is designed, geospatial information
is retrieved, and the model parameters are calculated. The
safety parameters for each path are computed based on
the number of obstacles along the path, the existence of
special infrastructure and the terrain type and condition.
The cultural parameters are set based on the location of
the POls. Once the geospatial information and the model
parameters are set, the user is able to use the system for
personalized RP. A MINLP model is proposed for imple-
menting this task (Sect. 4). The user will set the preferred
POls to visit in a specified time frame, and the optimal
route will be generated by the RP module. After the route
generation, the user, equipped with the wearable assis-
tive system, will be navigated in the area. If an unmapped
obstacle in the generated route prevents the user from
crossing over the path, the OD module informs the RP
module. Then, the obstructed path is excluded from the
graph and the parameters are updated so that a new route
will be generated to guide the user in the remaining tour.

2.2 Route planning module

A novel 0-1 integer mixed nonlinear programming
(MINLP) with discrete time formulation is proposed for
implementing the route planning problem. To satisfy
the user requirements of individuals with disabilities,

v

\

Geospatial information
retrieval and area mapping

User
B8 preferences

/" Personalized Route Planning

Navigation and obstacle
detection

Fig.2 Example of the use of route planning with a wearable assistive system
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the mathematical model minimizes a multi-objective e The route smoothness term that aims to minimize the

function based on four objective terms: number of route deviations and changes in the walking
direction of the user. Therefore, the route smoothness
e The safety term that represents how a user can safely term contributes to the generation of routes that are as

walk along a selected path. The collision risk factor is
a measure that indicates how dangerous or friendly a
path is for the user to traverse, especially in the case of
a user with special needs. The lower the value of the
collision risk factor, the friendlier and less dangerous
the path is for the visitors to travel through it.

The risk factor is evaluated based on the static
objects. Such objects may be predefined or detected
by the obstacle detection and recognition system. The
risk factor is defined based on the existence of tactile
pavements for Vlls and the terrain condition/morphol-
ogy. Higher values indicate paths with many safety
issues, such as static obstacles, e.g., trees, stairs, etc.,
whereas lower values indicate safer paths, such as
paths with special facilities for individuals with disabil-
ities. Based on the value of the collision risk factor, the
user should travel the path within a time frame

rmin, rmax

() ()]

The physical fatigue term that minimizes the total walk-
ing distance of a user to visit a set of selected POls. The
term considers the weariness of the individuals with
disabilities or the elderly when performing prolonged
walks, especially in unfamiliar places.

smooth as possible by not only minimizing the number
of turns, but also by prioritizing the turns with a small
angle. In Fig. 3, the yellow route illustrates a route that is
generated without taking into account the smoothness
term resulting in multiple turns and changes in the direc-
tion of the user, while the purple line shows the impact
of the smoothness term in the route generation.

e The touring experience term that minimizes the cross-
ings through paths, especially of low interest to the
users, e.g., of low cultural interest. Each path is linked
with a penalty in order to prioritize the paths with high
cultural value and in parallel to avoid traversing the
same path multiple times.

Definition 1T—Node and path representation

The accessible routes of the space under examination
are represented as an undirected graph. The nodes repre-
sent the discretized routes and the POIs which correspond
to specific geographic coordinates. The path(i, j) is the line
that connects the node i with the nodej and it represents
the permitted routes of the area (Fig. 4).

Definition 2—Entrance and exit nodes

Fig.3 Example of the impact

of the smoothness term on the O

selection of paths O Route with multiple changes in the
path direction

O //‘ » /' —— Route with smoother path

Fig.4 Example of a network
with entrance and exit paths

entrance_path
exit_path
(x,x0)
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The entrance node is represented by two internal nodes:
the e node as the point from where the user enters the net-
work and the e node as the point where the user can be
equipped with the proposed system. Therefore, the entrance
of the user in the network and the beginning of the tour is rep-
resented by the entrance path (e, e). Respectively, exit node
is represented by two internal nodes: the x node as the node
from where the user exits the network and the x,node as the
point where the user can return the navigation system. There-
fore, the exit of the user from the network and the end of the
tour is represented by the exitpath (xo, x), respectively (Fig. 4).

The mathematical model that implements the route
planning module, with the sets (Table 2), input parameters
(Table 3), decision variables, objective function and con-
straints is presented below:

Decision variables

1, if the user is traveling path(i, j)at time periodt

¢ _ .
i = VijeA teT

0, otherwise

Artificial variables
Path variables

_ | 1, ifthe user has traveled path(i, j) ..
Yap = { 0, otherwise Vi) eA
POl variables
z = 1, if the us.er has visitedPOIm  Vme M
0, otherwise

Objective function

The objective function (o.f.) is defined as minimization of
the total collision risk of the route, the total duration of
walk needed to visit the preferred POls, the total number
of turns in the proposed route and the multiple crossovers
from the same paths. The multi-objective function consists
of the following terms:

Safety term

Table 2 The sets used in the

Sets
mathematical modeling

N :the set of nodes in the network

A= {(i,j) : i,j € N}:the set of permitted paths in the network (paths, pavements, roads, etc.)
N™ = {i : i € N}: the set of nodes in the network that corresponds to POI

M = {i: i€ N"}:the setof POI that the user would like to visit

T= {1, ey td}: the set of time periods in which the tour lasts. The tour should finish maximum at

the given time period t,

Table 3 The input parameters used in the mathematical modeling

Parameters

0 € 10, 1]: the risk factor of path(i, j) as it was evaluated based on the ‘probability’ of a collision with a static obstacle and in general

the difficulty of user to walk in path(j, j)

p(i,j) € [0, 1]: the penalty of path(i, j) due to multiple crossovers. A path with high cultural value due to the presence of POls gets a low

penalty value

dijk) = 150

2l & [0, 1]: the turn factor of the consecutive paths path(i, j) and path(j, k) based on the angle that the two paths form. There-

fore, the turn factor indicates the change in the orientation that user need to perform in order to walk from path(i, j) to path(j, k)

e: the entrance node of the network

eo: the entrance area of the entrance that forms the entrance path(e,, e) from where the user enters the network

x: the exit node of the network

Xo: the exit area of the exit that forms the exit path(x, X, ) from where the user exits the network

t4: the desired duration of the tour by the user
to: the time period that the tour starts
R, the number of POl selected by the user

-,-Snax: the maximum duration (given in time periods) required by the user to travel the path(i, j), which is related to the characteris-
tics of the path (terrain type, terrain condition, guided pavement, stairs, etc.), e.g., usually it takes less time to traverse a path with a

guided pavement than a path that includes stairs.

TMIN: the minimum duration (given in time periods) required by the user to travel the path(i, ), which is also related to the characteris-

tics of the path
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Z 2 (o(,])X(t”)) vteT
N e N
(ij)eA

(o.f.1)

The term is expressed in a linear form so that the model
penalizes the paths with higher risk factor. Therefore, the
model tries to optimize the tour plan by minimizing the total
collision risk among the selected paths.

Physical fatigue term

Y > (TpYay)

N e N
(i.y)eA

Vte T
(o.f.2)

The term is expressed in a linear form so that the model
minimizes the number of paths that user needs to travel in
order to visit the selected POls.

Route smoothness term

2 X G X
Nl e N : keN:
i,HheA G,ke A

(d(,/k) Uk)) V>0

(0.f.3)

The nonlinear term minimizes the route deviations, so
the visually impaired (VI) user will walk a smooth route with
minimum number of turns.

Touring experience term

2 X
N e N
(ij)eA

p(i, HX: iy vte T

(o.f.4)

So, the objective function is the minimization of the
above terms:

arg min Z 2 Z

teTieN |
J €

ty
("W)X(/ />) )y Z 2 (TanYan) 2 2
N . teT ieN N t=1 6
(e A (l heA

ieN:
ipeA

The constraint (c.1) is a computing constraint that sets
all the decision variables at zero until the starting time
of the tour is reached.

Tour start constraints

X(toeo'e) =1 (c2)

The constraint (c.2) forces the tour to start at the time
period t, from the entrance path (e, e).

lg

Z XEeO,e) =0

t=ty+1

(c.3)

The constraint (c.3) is another computing constraint
that sets all the decision variables of the entrance path
to zero after the entrance of the user in the network.

Tour end constraint

2 (x. xo)

t=t,

(c.4)

The constraint (c.4) forces the tour to end in the time
frame from the exit path(x, x,). after the tour has started.
Walking constraint

Z (Il) Z (e0e) Z (00’ vVt >t

j)eA

(c.5)

The constraint (c.5) imposes the user to start walking
a path after its entrance to the network and to continue
walking until the user exits the network.

Route continuity constraint

2z (X(rm X(ri:‘;) - 2 Xjo =0 Vi €N, ¥t 21,
ieN: keN:
(i,j)eA (ke A
(c.6)

2 X<tl/)1 Z
keN:
(G, k) e A

oK | [+ 2 X (p(i'j) 2 Xf,-,,-))
ieN teT
jJEN:

ipeA

The model is imposed to the following constraints:
Model constraints

Initial constraint
to—1
t _
2 Z X(u) 0 (c.7)
= ijpeA
SN Applied Sciences
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The constraint (c.6) forces the user to walk a path at a
time period. If the user walks in path(i,j) in time period
t, then the following period t + 1, the user should walk
from an path(j, j) to a path(j, k).

Points of interest constraint
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g

> D X, =1 vmeM

= jeN: (€7)
(i,me A

The constraint (c.7) that forces the user to pass from
all the selected POls for at least one time (the first time
to visit the POl and the following ones in case the user
needs to traverse the path for visiting another POI).

Tour duration constraint

Z Z i = (c.8)

te7 (ij)eA

The constraint (c.8) imposes the duration of the tour
to be less than or equal to the maximum duration of
the visit.

Path travel duration constraint

max
2 (i) — T(U) !

The constraint (c.9) forces the user to travel a path in
a certain amount of time periods.
Artificial variable assignment constraints

Z =ij) — Y(’/) z (/])Iv(ilj) (S ./4

The constraint (c.10) forces the artificial variable to get
the value 1 if the user has traveled path(i, j) ; otherwise,
it sets the artificial variable to zero.

. 2 2 X(t:m) Zn < Z 2 X(tlm),Vm eM

thT teT ieN:
(I,m) EA (imeA

Tmln

(/1) i) v(i,j) € A (c.9)

(c.10)

(c.11)

The constraint (c.11) forces the artificial variable to
get the value 1 if the user has visited POl m; otherwise,
it sets the artificial variable to zero.

Variable constraints

(IDE{O]}V(U)EA Vte T (12)
Y € 10,1},¥(,j) € A (c.13)
Z €{0,1},Yme M (c.14)

The above constraints form the field of feasible solu-
tions of the problem. Particularly, the constraint (c.1)
gives the value zero to all decision variables until the
start of the tour. The constraint (c.2) forces the user to
start the tour at the predefined time t,. The constraint
(c.3) is a computing constraint and sets the entrance

path equal to zero for all the following time periods after
the starting time t,. The constraint (c.4) forces the user
to arrive at the exit gate in the time frame of the user-
defined tour duration. The constraint (c.5) imposes the
user to keep walking to a path until it reaches the exit.
The constraint (c.6) can be explained in the following
way: If the user travels at time period t the path(i, j), then
the next time period it should keep traveling the same
path or it should move to the consecutive path(j, n). The
constraint (c.7) refers to the enforcement of visiting the
selected POls by the user. Constraint (c.8) forces the
duration of the tour not to exit the maximum desired
duration predefined by the user. Constraints (c.9) force
the user to walk a path within specific time periods.

The constraint (c.10) forces the artificial variables to get
the values 0 or 1 based on the values of the decision vari-
ables. Consecutively, the constraint (c.11) links the artificial
variable of POI visit with the decision variable and forces
the artificial variables to get the values 0 or 1 based on
the values of the decision variables. The constraints (c.12),
(c.13) and (c.14) constitute the nonnegativity constraints
of the decision variables and artificial variables of the
model, respectively.

3 Results and discussion

In this section, the initial validation tests of the model are
presented, and comparisons are made with models that
have been proposed in the literature regarding route plan-
ning for individuals with disabilities (Table 4). Specifically,
the following models were adopted for the experimental
evaluation: (1) a model that finds the shortest path among
the selected POIs (Model 1); (2) a model that finds the saf-
est route for the user to visit the POIs (Model 2); and (3)
a model that finds the route that maximizes the cultural
experience, in other words, a model that minimizes the
loss of cultural interest during a visit (Model 3). Their objec-
tive functions that were used in the experimental evalua-
tion are presented in Table 4. Their performance and ability
to find an optimal solution was evaluated based on the
total collision risk of the generated route, the route dura-
tion and the number of turns that the user should perform
in order to walk the proposed route.

3.1 Evaluation methodology

For the experimental evaluation, we used the simulation
network illustrated in Fig. 5 and the graph in Fig. 6. The
models and the virtual environment were implemented
in Java programming language and solved with IBM
ILOG CPLEX solver version 12.6.0.0. The computer used
for the tests has 64-bit windows 10 Pro environment,
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Table 4 Models used for comparison and their targets

Objective function

Models Target to be minimized
Model 1: shortest path Distance
Model 2: safest path Risk

Model 3: cultural path

Our Model Duration
Collision risk,

Route deviation

Loss of cultural interest

Loss of cultural interest

argmin ¥ ¥ Z (Yap)

teTieN ] G
UneA

argmin ¥ Y, 2 (O(u)Xw))

teTieN j eN

UneA

agmin® £ (pinEX, )
ieN jEN
(ijeA

arg min Z Z Z (O(i./')X{iJ))
teT ieN jeEN:
(i.jye A
+) Z > (TapYan)
teT ieN jJEN:
(i,jyeA

1]

+ 2 Z Z X<tu)1 Z d(uk) Gk
=1jeNl e N keN:
(ij)eA (ke A

T 3 (pnZi)
ieN jeN: teT
(i.j)e A

with AMD Ryzen 7 3800X 8-Core Processor 3.89 GHz and
32 GB RAM. Also, the relative MIPGap tolerance of IBM
ILOG CPLEX solver was kept as default at 1e-04 and used
as stopping criterion.

In Figs. 5 and 6, the red node represents the entrance
node, the yellow one the exit node, the white nodes
represent the nodes in the network and the green ones
the POI. The paths are represented with brown. The
entrance path is the path(0, 1) and the exit path is the
path(20,21). Also, for each path and initial collision risk
weight is given randomly to represent the static obsta-
cles and difficulty of the path to be crossed. In real-
case scenarios, these values will be estimated by in situ
inspection for the mapping of the area and the obstacle
detection subsystem of ENORASI system with which the
route planning model will interact. For each experiment,
the parameters such as the collision risk factor and the
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visit duration were given randomly, so the models will
be tested under various scenarios.

3.2 Evaluation criteria

Randomly generated scenarios were used as validation
tests to examine the proposed model for the efficiency
and robustness in solving RP problems. For this purpose,
12 validation scenarios (Table 5) were defined and solved
under various user preferences and model parameters
such as collision risk values. To compare the performance
of the models regarding the generation of routes that
satisfy the needs of visually impaired individuals, the
following criteria were adopted: (1) the cumulative col-
lision risk of the generated route; (2) the walking dura-
tion of the proposed route; and (3) the number of turns/
changes that the user should be made in the direction
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Fig.5 The virtual space used for the tests based on the topology of Historical Triangle of Athens in Greece

Fig.6 The generated graph p-
derived from the area under 2 )
examination

5 9 ) 13 16 19 20 21

of the proposed paths. The model that generates routes 3.3 Presentation of the results

with the lowest cumulative risk, duration and number of

direction changes compared to the others will be proven For the experimental evaluation, we used the simulation
to be the most efficient for TRP. The generated routesare  area as it is illustrated in Figs. 5 and 6, with the scenarios
presented in Table 6, and the results of the models over  presented in Table 5. Table 6 presents the generated routes
the evaluation criteria are presented in Tables 7 and 8. obtained from the different validation scenarios, and
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Table 5 The randomly generated scenarios under examination

Scenarios Number of POIs to be  Selected POlIs (nodes)
visited
Scenario 1 4 2,9,16,17
Scenario 2 4 7,9,11,16
Scenario 3 4 2,7,9, 11
Scenario 4 4 9,11,16,17
Scenario 5 5 2,7,9,11,16
Scenario 6 5 7,9,11,16,17
Scenario 7 5 2,9,11,16,17
Scenario 8 5 2,7,11,16,17
Scenario 9 All POIs 2,7,9,11,16,17
Scenario 10 All POIs 2,7,9,11,16,17
Scenario 11 All POIs 2,7,9,11,16,17
Scenario 12 All POIs 2,7,9,11,16,17

Table 7 shows the values of terms under minimization for
the generated routes, such as the mean collision risk, the
mean duration of the proposed route and the number of
changes/turns that the user should perform while walk-
ing in the proposed route. For each model, the generated
route is presented linked with the cumulative collision risk,
total route duration and total number of route changes of
the generated route. Overall, the proposed model man-
aged to generate routes with balance trades between the
optimality criteria such as route risk, route duration and
route changes (Table 8).

As we can see in Fig. 10, our model achieved to find the
optimal route with the minimum cumulative collision risk
in 8 out of 12 scenarios. The same number of optimal solu-
tions were achieved by Model 2 (Fig. 10), while in 4 scenar-
ios our model and Model 2 found the same optimal route
(Table 6). However, although both models succeeded in
proposing the route with the minimum cumulative colli-
sion risk in 8 scenarios, in the scenarios where the Model
2 prevails (Table 7, scenarios 3, 4, 7 and 10), our model
performed better in terms of tour duration and number
of route changes, achieving in parallel comparative cumu-
lative collision risk. On the other hand, in the scenarios
where our model prevailed (Table 7, scenarios 5,9, 11 and
12), the Model 2 proved unable to find the optimal route
with respect to the optimality criteria (Figs. 7, 8, 9).

Concerning the optimality criterion of route duration,
our model succeeded in finding the optimal one in all sce-
narios. However, in 4 scenarios the same optimal solution
was retrieved by other models as well (Table 7). On the
other hand, our model found the optimal route in terms
of minimizing the number of route changes in 10 out of 12
scenarios (Table 7, Fig. 10), predominating over the other
models.
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As it is mentioned above, in only a few scenarios the
solution of our model was comparable with the solution
of the other models. For example, a typical case where
most of the models generated the same optimal tour-
ist route is scenario 8 (Table 6). We can see that both our
model and Model 2 (Table 6, the sequence of the tourist
route of model 2 and our model: 0-1-4-3-2-6-7-11-14-17-
18-15-16-19-20-21) succeeded in minimizing the cumu-
lative collision risk achieving the same score (7.427). This
can be explained by the similarity of the proposed route.
However, although different routes were proposed by
Model 1 and Model 3 from Model 2 and ours (Table 6, the
sequence of the tourist route of models 1 and 3: 0-1-3-2-
6-7-11-14-17-18-15-16-19-20-21), all the models achieved
the same tour duration (20 time periods) and number of
route changes (9). Similar results were taken from differ-
ent routes due to the small size of the graph that leads to
symmetry. The symmetry happened due to the similarity
of the random values assigned to the parameters of the
graph, such as the collision risk factor. Therefore, although
the two proposed routes had different cumulative collision
risk and duration, they had the same route changes. On
the other hand, exactly the opposite can be observed in
scenarios 9, 10, 11 and 12, where each model proposed
different tourist routes due to the significant value dif-
ferences of the graph’s parameters, but also due to the
increase in the number of POls that the users chose to visit
(Tables 6, 7).

In summary, our model succeeded in achieving a bet-
ter tradeoff among the minimization criteria. As it can
be noticed in Tables 6 and 7, the generated routes of
our model are smoother with significantly fewer route
changes (9.727) compared to Model 1 (10.273), Model 2
(12.723) and Model 3 (13.909), while maintaining at the
same time the cultural experience level high, since mul-
tiple crossovers from the same paths are avoided. Also,
the generated tourist routes of our model succeeded in
minimizing in parallel the cumulative collision risk of the
route (15.284) and the tour duration (30.455) compared to
the other three models (Table 8).

4 Conclusions and future work

A 0-1 INLP mathematical model was developed for gen-
erating optimal routes based on multi-criteria for outdoor
cultural spaces with special notice given to individuals
with special needs. The model addresses the TRP problem
by minimizing the collision risk of the users with obstacles
during the tour in the area, the duration of the walk in
order to visit all the desired POls, the multiple changes in
the route so that the VlIs will not lose their direction and
by minimizing the loss of cultural interest by penalizing
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Table 6 The generated routes
by each model and scenario

Scenarios Models Generated route
Scenario 1 Model 1 0-1-3-2-6-7-8-9-13-16-15-14-17-18-19-20-21
Model 2 0-1-3-2-6-10-14-17-18-19-16-13-9-8-12-15-19-20-21
Model 3 0-1-3-2-6-7-11-12-13-9-8-7-11-14-17-18-19-15-16-19-20-21
Our model 0-1-3-2-6-10-14-17-18-19-15-12-8-9-13-16-19-20-21
Scenario 2 Model 1 0-1-3-7-11-12-8-9-13-16-19-20-21
Model 2 0-1-3-7-11-12-8-9-13-16-19-20-21
Model 3 0-1-3-7-8-9-13-12-8-7-11-12-13-8-12-15-16-19-20-21
Our model 0-1-3-7-11-12-8-9-13-16-19-20-21
Scenario 3 Model 1 0-1-3-2-6-7-11-12-8-9-13-16-19-20-21
Model 2 0-1-4-3-2-6-7-8-13-9-8-12-11-14-17-18-19-20-21
Model 3 0-1-4-3-2-6-7-11-12-8-9-13-16-19-20-21
Our model 0-1-4-3-2-6-7-11-12-8-9-13-16-19-20-21
Scenario 4 Model 1 0-1-4-5-9-13-16-15-12-11-14-17-18-19-20-21
Model 2 0-1-4-5-9-8-13-16-15-12-11-14-17-18-19-20-21
Model 3 0-1-4-8-9-13-16-15-12-11-14-17-18-19-20-21
Our model 0-1-4-8-9-13-16-15-12-11-14-17-18-19-20-21
Scenario 5 Model 1 0-1-3-2-6-7-11-12-8-9-13-16-19-20-21
Model 2 0-1-4-5-9-8-4-3-2-6-7-11-10-14-15-16-19-20-21
Model 3 0-1-3-4-5-9-8-4-3-2-6-7-11-10-14-15-16-19-20-21
Our model 0-1-4-5-9-8-4-3-2-6-7-11-14-15-16-19-20-21
Scenario 6 Model 1 0-1-3-2-6-10-11-7-8-9-13-16-19-20-21
Model 2 0-1-3-2-6-7-11-12-8-9-13-16-15-19-20-21
Model 3 0-1-3-2-6-7-11-12-8-7-11-12-8-9-13-16-15-19-20-21
Our model 0-1-3-2-6-7-11-12-8-9-13-16-15-19-20-21
Scenario 7 Model 1 0-1-3-2-6-7-11-14-17-18-19-16-13-9-8-7-11-14-17-18-19-20-21
Model 2 0-1-4-3-2-6-7-3-4-8-9-13-8-12-11-14-17-18-19-16-15-14-17-18-19-20-21
Model 3 0-1-4-3-2-6-7-11-12-13-8-9-13-12-15-18-17-14-15-12-8-9-13-16-19-20-21
Our model 0-1-4-3-2-6-7-11-12-8-9-13-16-19-18-17-14-15-19-20-21
Scenario 8 Model 1 0-1-3-2-6-7-11-14-17-18-15-16-19-20-21
Model 2 0-1-4-3-2-6-7-11-14-17-18-15-16-19-20-21
Model 3 0-1-3-2-6-7-11-14-17-18-15-16-19-20-21
Our model 0-1-4-3-2-6-7-11-14-17-18-15-16-19-20-21
Scenario 9 Model 1 0-1-3-2-6-10-11-7-8-9-13-16-15-14-17-18-19-20-21
Model 2 0-1-4-8-9-13-16-15-14-10-11-7-3-2-6-10-14-17-18-15-19-20-21
Model 3 0-1-4-8-9-13-16-15-18-17-14-11-7-3-2-6-10-14-11-10-14-15-19-20-21
Our model 0-1-3-2-6-10-11-7-8-9-13-16-15-18-17-8-19-20-21
Scenario 10 Model 1 0-1-3-2-6-10-11-7-8-9-13-16-15-14-17-18-19-20-21
Model 2 0-1-3-2-6-7-11-14-17-18-15-19-16-13-8-4-5-9-13-16-19-20-21
Model 3 0-1-3-2-6-7-11-14-17-18-15-16-13-9-5-4-8-13-16-15-18-19-20-21
Our model 0-1-3-2-6-7-11-14-17-18-19-16-13-9-5-4-8-13-16-19-20-21
Scenario 11 Model 1 0-1-3-2-6-7-8-9-13-16-19-18-17-14-11-7-8-9-13-16-19-20-21
Model 2 0-1-3-2-6-7-11-12-13-8-9-13-8-9-13-16-15-14-17-18-19-20-21
Model 3 0-1-4-8-9-13-16-15-18-17-14-11-7-3-2-6-7-11-12-13-16-19-20-21
Our model 0-1-4-8-9-5-4-3-2-6-7-11-14-17-18-15-16-19-20-21
Scenario 12 Model 1 0-1-3-2-6-7-11-14-17-18-19-16-13-9-8-12-11-14-17-18-19-20-21
Model 2 0-1-4-8-9-5-4-3-2-6-7-11-10-14-17-18-19-16-15-19-20-21
Model 3 0-1-3-4-5-9-8-4-3-2-6-7-11-10-14-17-18-15-16-19-15-14-17-18-19-20-21
Our model 0-1-4-8-9-5-4-3-2-6-7-11-14-17-18-19-16-15-19-20-21
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Table 7 Experimental results under various validation scenarios:
the cumulative tour collision risk indicates the sum of the collision
risk factor of the generated route; the tour duration is given in time
periods and shows the duration that the user needs to walk the
generated route; and the number of route changes indicates how
many times the user should perform a turn while walking the gen-
erated route

Scenarios Models Cumulative  Tour dura- Number
tour collision tion (intime of route
risk periods) changes

Scenario 1 Model 1 15.436 31 9

Model 2 13.4 30
Model 3 16.08 34 13
Our model 134 30 9
Scenario 2 Model 1 4.986 16 5
Model 2 4.986 16 5
Model 3 6.699 23 12
Our model  4.986 16 5
Scenario 3 Model 1 22.353 31 9
Model 2 20.6 33 11
Model 3 20.88 31 8
Our model  20.88 31 8
Scenario 4 Model 1 14.236 26 8
Model 2 13.26 26 10
Model 3 13.392 25 8
Our model  13.392 25 8
Scenario 5 Model 1 15.055 26 9
Model 2 12.005 27 11
Model 3 13.812 29 12
Our model  12.124 26 10
Scenario 6 Model 1 17.56 27 7
Model 2 12.872 25 9
Model 3 13.136 26 13
Our model  12.872 25 9
Scenario 7 Model 1 18.261 35 11
Model 2 15.368 35 17
Model 3 17.871 37 15
Our model  15.962 33 8
Scenario 8 Model 1 8.691 21 9
Model 2 7427 20 9
Model 3 8.691 21 9
Our model 7.427 20 9
Scenario 9 Model 1 22.652 35 13
Model 2 18.977 37 17
Model 3 21 38 16
Our model  19.03 33 12
Scenario 10 Model 1 19.345 33 11
Model 2 12.238 31 13
Model 3 12.744 32 16
Our model 12.44 30 10
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Table 7 (continued)

Scenarios Models Cumulative  Tour dura- Number
tour collision tion (intime of route
risk periods) changes

Scenario 11 Model 1 23.287 35 10

Model 2 20.043 35 16
Model 3 22.226 38 12
Our model 20.951 34 9
Scenario 12 Model 1 18.108 33 12
Model 2 16.032 33 13
Model 3 18.234 37 19
Our model 15.604 32 10

the multiple crossovers from the same areas. Therefore,
the users can explore more paths and get a more compre-
hensive cultural experience. The minimization of the afore-
mentioned terms is realized by meeting in parallel the
demands of the users for visiting specific POls of the area
in a user-defined time frame. The motivation for develop-
ing the proposed model was the support of user groups
that need safer guidance, such as aging people or indi-
viduals with disabilities; nevertheless, it can be used by all
types of users. Also, the study was applied in outdoor cul-
tural spaces with emphasis on areas with unmapped roads
or limited information. However, it can easily be applied to
any district area since the methodology is generic.

In the literature, similar approaches focus on devel-
oping single or bi-objective models. These approaches
target to find the shortest path in terms of duration or
distance. Also, in cases of cultural route planning, models
focus on maximizing the cultural experience of the tour-
ist, or the profit of the shops in the cultural area based
even on prefixed routes. In all the above studies, the user
disability factor is not included. Our model fills the gap
of the aforementioned limitations by proposing a multi-
objective mathematical programming model that takes
into account safety, chronical, cultural and disability fac-
tors. Overall, the proposed model performed better than
the other approaches (Fig. 10) that can be found in the
literature, such as the shortest path, in terms of duration
or distance, or maximum cultural experience (Tables 1, 4).
The results of the experimental evaluation (Tables 6, 7, 8)
showed that the methodology is efficient with regard to
optimality; therefore, it could sufficiently support naviga-
tion in real conditions. The initial results are promising, and
thus, further investigation should be realized for networks
with more nodes and POls.

The proposed framework has been implemented as a
module to be integrated in the ENORASI system, aiming to
the navigation of people with disabilities, such as the Vils,
in outdoor cultural spaces [15, 16]. Future work includes
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Table 8 Mean values of the

o . Models Mean collision risk Mean tour duration Mean route changes
terms under examination with
their standard deviation Model 1 18.179+5.281 31.636+5.916 10273+2.1
Model 2 15.307+4.614 31.636+6.137 12.723+3.52
Model 3 16.797+4.673 33.636+5.984 13.909+3.244
Our model 15.284+4.542 30.455+5.392 9.727 +1.605
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Fig. 7 Results of total collision risk (CR) factor of the generated routes by each model
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Fig. 8 Results of total tour duration (TD) of the generated routes by each model
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Fig. 10 Number of scenarios that each model found the optimal route based on the optimality criteria

the development of a voice-enabled interface for the inter-
action of the users with the RP and other modules of the
system that combine sonification of the visual informa-
tion and audio descriptions [44]. Another future direction
is the development of a larger network to investigate the
scalability of the proposed methodology as the number
of nodes increases. To this end also heuristic approaches
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will be investigated for addressing the routing problems in
an efficient computing time. A mathematical model with
weighted terms to be minimized will be explored in order
to emphasize in the minimization of total collision risk of
the generated routes or total number of routes changes
based on the preferences of the user. Furthermore,
other route planning approaches will be investigated,
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combining the geographic information of the areas under
examination with the information extracted from a com-
puter vision-based localization and obstacle detection
system, such as the ones proposed in [11].

Acknowledgements This research has been co-financed by the Euro-
pean Union and Greek national funds through the Operational Pro-
gram Competitiveness, Entrepreneurship and Innovation, under the
call RESEARCH—CREATE—INNOVATE (project code: T1EDK-02070).

Author contributions CN was involved the conceptualization, meth-
odology, software, data curation, writing—original draft preparation
and editing, visualization, investigation, software, validation. DKl was
involved the supervision and writing—reviewing and editing.

Funding This research has been co-financed by the European
Union and Greek national funds through the Operational Program
Competitiveness, Entrepreneurship and Innovation, under the call
RESEARCH—CREATE—INNOVATE (project code: T1EDK-02070).

Availability of data and materials Not applicable.

Code availability Not applicable.

Compliance with ethical standards

Conflict of interest The authors declare that they have no known
competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons
.org/licenses/by/4.0/.

References

1. Ntakolia C, Caceres H, Coletsos J (2020) A dynamic integer pro-
gramming approach for free flight air traffic management (ATM)
scenario with 4D-trajectories and energy efficiency aspects.
Optim Lett 14:1659-1680

2. Coletsos J, Ntakolia C (2017) Air traffic management and energy
efficiency: the free flight concept. Energy Syst 8(4):709-726

3. Bozyigit A, Alankus G, Nasiboglu E (2017) Public transport route
planning: modified Dijkstra’s algorithm. In: 2017 International
conference on computer science and engineering (UBMK). IEEE,
pp 502-505

4. Pamucar D, Ljubojevi S, Kostadinovi D, Dorovi B, B (2016) Cost
and risk aggregation in multi-objective route planning for haz-
ardous materials transportation—a neuro-fuzzy and artificial
bee colony approach. Expert Syst Appl 65:1-15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Akiyoshi K, Chugo D, Muramatsu S, Yokota S, Hashimoto H
(2020) Autonomous mobile robot navigation considering the
pedestrian flow intersections. In: 2020 IEEE/SICE international
symposium on system integration (Sll). IEEE, pp 428-433

Hu M, ChenY, Zhai G, Gao Z, Fan L (2019) An overview of assis-
tive devices for blind and visually impaired people. Int J Robot
Autom 34:580-598

Younis O, Al-Nuaimy W, Alomari MH, Rowe F (2019) A hazard
detection and tracking system for people with peripheral vision
loss using smart glasses and augmented reality. Int J Adv Com-
put Sci Appl 10(2):1-9

AlSaid H, AlKhatib L, AlOraidh A, AlHaidar S, Bashar A (2019)
Deep learning assisted smart glasses as educational aid for visu-
ally challenged students. In: 2019 2nd international conference
on new trends in computing sciences (ICTCS). IEEE, pp 1-6
Moshtael H, Tooth C, Nuthmann A, Underwood I, Dhillon B
(2020) Dynamic text presentation on smart glasses: a pilot
evaluation in age-related macular degeneration. Br J Vis Impair
38:24-37

Dimas G, Ntakolia C, lakovidis DK (2019) Obstacle detection
based on generative adversarial networks and fuzzy sets for
computer-assisted navigation. In: International conference
on engineering applications of neural networks. Springer, pp
533-544

Walimbe AA, Rao SS, Sureban AK, Shah MS (2017) Survey on
obstacle detection and its notification through an android
app for visually impaired people. Asian J Converg Technol
(AJCT) 3:1-3

Diamantis DE, Koutsiou D-CC, lakovidis DK (2019) Staircase
detection using a lightweight look-behind fully convolutional
neural network. In: International conference on engineering
applications of neural networks. Springer, pp 522-532
Pardasani A, Indi PN, Banerjee S, Kamal A, Garg V (2019) Smart
assistive navigation devices for visually impaired people. In:
2019 |IEEE 4th international conference on computer and com-
munication systems (ICCCS). IEEE, pp 725-729

Azenkot S, Zhao Y (2017) Designing smartglasses applications
for people with low vision. ACM SIGACCESS Access Comput
119:19-24

lakovidis DK, Diamantis D, Dimas G, Ntakolia C, Spyrou E (2020)
Digital enhancement of cultural experience and accessibility
for the visually impaired. In: Technological trends in improved
mobility of the visually impaired. Springer, pp 237-271
Ntakolia C, Dimas G, lakovidis DK (2020) User-centered system
design for assisted navigation of visually impaired individuals
in outdoor cultural environments. Univ Access Inf Soc 1-26
Halder S, Argyropoulos V (2019) Inclusion, equity and access for
individuals with disabilities. Springer, Berlin

Heydar M, Yu J, Liu Y, Petering ME (2016) Strategic evacuation
planning with pedestrian guidance and bus routing: a mixed
integer programming model and heuristic solution. J Adv
Transp 50:1314-1335

Hong, Li D, Wu Q, Xu H (2019) Priority-oriented route network
planning for evacuation in constrained space scenarios. J Optim
Theory Appl 181:279-297

Tanaka K, Miyashiro R, Miyamoto Y (2016) A bi-objective opti-
mization model for designing safe walking routes for school
children. Geogr Anal 48:448-464

Wang Z, Zlatanova S (2019) Safe route determination for first
responders in the presence of moving obstacles. IEEE Trans Intell
Transp Syst 21:1044-1053

Xu Z, Chen Q, Yue R (2017) Research on pedestrian route plan-
ning algorithm based on low exhaust intake. DEStech Trans
Comput Sci Eng 369-374

SN Applied Sciences

A SPRINGERNATURE journal


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Research Article

SN Applied Sciences (2021) 3:104 | https://doi.org/10.1007/542452-020-04038-6

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Ma K, Zhang P, Mao Z (2019) Study on large-scale crowd evacu-
ation method in cultural museum using mutation prediction
RFID. Pers Ubiquitous Comput 24:1-15

Raap M, Meyer-Nieberg S, Pickl S, Zsifkovits M (2017) Aerial vehi-
cle search-path optimization: a novel method for emergency
operations. J Optim Theory Appl 172:965-983

Megiddo N, Zemel E, Hakimi SL (1983) The maximum coverage
location problem. SIAM J Algebraic Discrete Methods 4:253-261
lloglu S, Albert LA (2018) An integrated network design and
scheduling problem for network recovery and emergency
response. Oper Res Perspect 5:218-231

Barrena E, Laporte G, Ortega FA, Pozo MA (2016) Planning eco-
tourism routes in nature parks. In: Trends in differential equa-
tions and applications. Springer, pp 189-202

Sirirak W, Pitakaso R (2018) Marketplace location decision mak-
ing and tourism route planning. Adm Sci 8:72

Pisinger D, Ropke S (2010) Large neighborhood search. In:
Handbook of metaheuristics, vol 146. Springer, Boston, MA, pp
399-419

Yuan C, Uehara M (2019) An optimal travel route recommenda-
tion system for tourists’first visit to Japan. In: International con-
ference on advanced information networking and applications.
Springer, pp 872-882

Dai J, Liu C, Xu J, Ding Z (2016) On personalized and sequenced
route planning. World Wide Web 19:679-705

Wu X, Guan H, Han Y, Ma J (2017) A tour route planning model
for tourism experience utility maximization. Adv Mech Eng
9:1687814017732309

Gavalas D, Kasapakis V, Konstantopoulos C, Pantziou G, Vathis N
(2017) Scenic route planning for tourists. Pers Ubiquit Comput
21:137-155

Minetto R, Kozievitch NP, da Silva RD, Almeida LDA, Santi J de
(2016) Shortcut suggestion based on collaborative user feed-
back for suitable wheelchair route planning. In: 2016 IEEE 19th

SN Applied Sciences

A SPRINGERNATURE journal

35.

36.

37.

38.

39.

40.

41.
42.
43.

44,

international conference on intelligent transportation systems
(ITSC). IEEE, pp 2372-2377

Floyd RW (1962) Algorithm 97: shortest path. Commun ACM
5:345

Kozievitch NP, AImeida LD, da Silva RD, Minetto R (2016) An alter-
native and smarter route planner for wheelchair users: exploring
open data. In: 2016 5th International conference on smart cities
and green ICT systems (SMARTGREENS). IEEE, pp 1-6

Wang Z, Niu L (2018) A data model for using OpenStreetMap to
integrate indoor and outdoor route planning. Sensors 18:2100
Sanford JA, Melgen S, Guhathakurta S, Zhang G (2018) Utility of
a mobile route planning app for people aging with disability. In:
SMART ACCESSIBILITY 2018: the third international conference
on universal accessibility in the internet of things and smart
environments. [ARIA

Google Maps Platform. https://developers.google.com/maps/
documentation/directions/start. Accessed January 2020
Memon SF, Memon MA, Zardari S, Nizamani S (2017) Blind’s
eye: employing Google Directions API for outdoor navigation
of visually impaired pedestrians. Mehran Univ Res J Eng Technol
36:693-706

API Kapt. https://tech.yandex.ru/maps/. Accessed January 2020
Routino. http://www.routino.org/. Accessed January 2020
OpenTripPlanner. http://www.opentripplanner.org/. Accessed
January 2020

Fernandes H, Costa P, Filipe V, Paredes H, Barroso J (2019) A
review of assistive spatial orientation and navigation technolo-
gies for the visually impaired. Univ Access Inf Soc 18:155-168

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://developers.google.com/maps/documentation/directions/start
https://developers.google.com/maps/documentation/directions/start
https://tech.yandex.ru/maps/
http://www.routino.org/
http://www.opentripplanner.org/

	A route planning framework for smart wearable assistive navigation systems
	Abstract
	1 Introduction
	1.1 Route planning and smart assistive systems for individuals with disabilities
	1.2 Related work for route planning modeling

	2 Materials and methods
	2.1 Context of use
	2.2 Route planning module

	3 Results and discussion
	3.1 Evaluation methodology
	3.2 Evaluation criteria
	3.3 Presentation of the results

	4 Conclusions and future work
	Acknowledgements 
	References




