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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 o�er 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 (VIIs) in outdoor cultural spaces. The module is evaluated in a variety of 
navigation scenarios with di�erent 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 VIIs.

Keywords Multi-objective decision making · Quadratic programming · Integer programming · Personalized route 
planning · Assistive navigation system · Navigation
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1 Introduction

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 signi�cant role in the develop-
ment of e�cient methodologies for addressing the prob-
lem of RP. Although a considerable attention has been 
given to air tra�c management [1, 2], transportation [3, 

4] and robot navigation [5], a little attention has been 
given to route planning for supporting the sensitive social 
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 su�cient 
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 (POIs), 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 VIIs, 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 VIIs to be able to personally visit 

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 bene�cial 
especially to those who experience di�culties in adapt-
ing to formal learning environments, including the VIIs [16, 
17]. Τo support the accessibility of the VIIs 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 VIIs 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 VIIs [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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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 in�uence 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 �ow 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 e�ciency in �nding 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], di�erent mixed integer linear programming 
(MILP) models were proposed for determining e�cient 
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 
�nd 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 POI by generating an opti-
mal personalized route. A tour route planning model was 
proposed [32] targeting to maximize the tourism experi-
ence within a speci�c 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 pre�xed 
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 re�ned 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 modi�ed 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 

Fig. 1  Example of route planning module applied in the context of wearable assistive system
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outdoor routes for visual impaired individuals (VIIs) 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 �eld, 
there are still several limitations in the current RP solu-
tions. These limitations include the use of prede�ned 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 API 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] Graph-based model Dijkstra-based algorithm

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

Mixed integer linear model Simulated annealing algorithm

Shortest path [19] Priority-oriented route network constructing 
problem

Heuristic greedy binary search algorithm

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

Bi-objective integer programming model Pareto analysis

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

Layer hierarchical model A* search algorithm

Maximization of the accuracy of evacuation 
direction [23]

Regression prediction model RFID-based mutation prediction algorithm

Maximization of the cumulative probability 
of obstacle detection [24]

0–1 integer linear programming based on 
max-k-coverage problem

K-step-lookahead planning method for an 
aerial vehicle search-path

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

Integer programming Lagrangian relaxation and sub-gradient 
heuristic algorithm

Route planning models with tourist aspects

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

Integer linear programming based on the 
traveling salesman problem

Minimum cost Hamiltonian cycle algorithm

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

A graph-based model Adaptive large neighborhood search method

Route recommendations are made based on 
travel time [30]

A graph-based model with pre�xed routes Cosine similarity algorithm

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

Ranged-R-Tree Query process

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

Mixed 0–1 mixed integer linear program-
ming model

Heuristic algorithm

Maximization of the overall collected pro�t 
such as cultural experience [33]

Mixed team orienteering problem with time 
windows

Iterated local search metaheuristic

Route planning models with disability aspects

The shortest path for users with wheelchair 
[34]

A graph-based model Greedy Floyd–Warshall algorithm

The shortest path for users with wheelchair 
[36]

Based on existing GIS data model Shortest path algorithms

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

Based on existing GIS data model a modi�ed Dijkstra algorithm

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

Based on existing GIS data structures Analytical hierarchy process for scoring the 
routes

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

Based on Google Fused Location Provider API 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 brie�y presents the context of use of the route plan-
ning module for a wearable assistive navigation system 
and de�nes 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 de�ned 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 POIs. 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 
POIs to visit in a speci�ed 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, 

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 
function based on four objective terms:

• The safety term that represents how a user can safely 
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 prede�ned or detected 
by the obstacle detection and recognition system. The 
risk factor is de�ned based on the existence of tactile 
pavements for VIIs 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 
[

Tmin
(i,j)

, Tmax
(i,j)

]

.

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

• The route smoothness term that aims to minimize the 
number of route deviations and changes in the walking 
direction of the user. Therefore, the route smoothness 
term contributes to the generation of routes that are as 
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.

• 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.

De�nition 1—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 speci�c geographic coordinates. The path(i, j) is the line 
that connects the node i with the node j and it represents 
the permitted routes of the area (Fig. 4).

De�nition 2—Entrance and exit nodes

Fig. 3  Example of the impact 
of the smoothness term on the 
selection of paths

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

0
 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

(

e0, 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

0
 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 exit path

(

x0, 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

X t
(i,j)

=

⎧
⎪
⎨
⎪
⎩

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

0, otherwise
, ∀(i, j) ∈ A, t ∈ T

Arti�cial variables

Path variables

POI variables

Objective function

The objective function (o.f.) is de�ned as minimization of 
the total collision risk of the route, the total duration of 
walk needed to visit the preferred POIs, 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

Y(i,j) =

{

1, if the user has traveled path(i, j)

0, otherwise
, ∀(i, j) ∈ A

Z
m
=

{

1, if the user has visitedPOIm

0, otherwise
, ∀m ∈ M

Table 2  The sets used in the 
mathematical modeling

Sets

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
m = {i ∶ i ∈ N} : the set of nodes in the network that corresponds to POI

M =

{

i ∶ i ∈ N
m
}

 : the set of POI that the user would like to visit

T =

{

1,… , td

}

 : the set of time periods in which the tour lasts. The tour should �nish maximum at 
the given time period td

Table 3  The input parameters used in the mathematical modeling

Parameters

o(i,j) ∈ [0, 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 di�culty of user to walk in path(i, 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 POIs gets a low 
penalty value

d(i,j,k) =
|�̂|

180
∈ [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

e
0
 : the entrance area of the entrance that forms the entrance path

(

e0, e
)

 from where the user enters the network

x : the exit node of the network

x
0
 : the exit area of the exit that forms the exit path

(

x, x0
)

 from where the user exits the network

td : the desired duration of the tour by the user

t
0
 : the time period that the tour starts

ℵM : the number of POI selected by the user

Tmax
(i,j)

 : 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
(i,j)

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

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 POIs.

Route smoothness term

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

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

The model is imposed to the following constraints:
Model constraints

Initial constraint

(o.f.1)

∑

i∈N

∑

j ∈ N ∶

(i, j) ∈ A

(

o(i,j)X
t
(i,j)

)

, ∀t ∈ T

(o.f.2)

∑

i∈N

∑

j ∈ N ∶

(i, j) ∈ A

(

T(i,j)Y(i,j)
)

, ∀t ∈ T

(o.f.3)

�
j∈N

⎛
⎜⎜⎜⎜⎜⎝

�

i ∈ N ∶

(i, j) ∈ A

X t−1
(i,j)

⎛
⎜⎜⎜⎜⎜⎝

�

k ∈ N ∶

(j, k) ∈ A

�
d(i,j,k)X

t
(j,k)

�
⎞
⎟⎟⎟⎟⎟⎠

⎞
⎟⎟⎟⎟⎟⎠

, ∀t > 0

(o.f.4)

∑

i∈N

∑

j ∈ N ∶

(i, j) ∈ A

p(i, j)X t
(i,j)

, ∀t ∈ T

argmin

⎛⎜⎜⎜⎜⎜⎜⎜⎝

�
t∈T

�
i∈N

�

j ∈ N ∶

(i, j) ∈ A

�
o(i,j)X

t
(i,j)

�
+
�
t∈T

�
i∈N

�

j ∈ N ∶

(i, j) ∈ A

�
T(i,j)Y(i,j)

�
+

td�
t=1

�
j∈N

⎛⎜⎜⎜⎜⎜⎜⎜⎝

�

i ∈ N ∶

(i, j) ∈ A

X t−1
(i,j)

⎛⎜⎜⎜⎜⎜⎜⎜⎝

�

k ∈ N ∶
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t0−1
∑

t=1

∑

(i, j) ∈ A

X t
(i,j)

= 0

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

The constraint (c.2) forces the tour to start at the time 
period t

0
 from the entrance path 

(

e0, e
)

.

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

The constraint (c.4) forces the tour to end in the time 
frame from the exit path(x, x0) . after the tour has started.

Walking constraint

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

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(i, j) to a path(j, k).

Points of interest constraint

(c.2)X
t0

(e0 ,e)
= 1

(c.3)

td
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X
t
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−
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= 0, ∀j ∈ N, ∀t ≥ t0
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The constraint (c.7) that forces the user to pass from 
all the selected POIs for at least one time (the first time 
to visit the POI and the following ones in case the user 
needs to traverse the path for visiting another POI).

Tour duration constraint

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

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

Artificial variable assignment constraints

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.

The constraint (c.11) forces the artificial variable to 

get the value 1 if the user has visited POI m ; otherwise, 
it sets the artificial variable to zero.

Variable constraints

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

0
. The constraint 

(c.3) is a computing constraint and sets the entrance 

(c.7)

td
∑
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(c.12)X t
(i,j)

∈ {0, 1},∀(i, j) ∈ A, ∀t ∈ T

(c.13)Y(i,j) ∈ {0, 1},∀(i, j) ∈ A

(c.14)Z
m
∈ {0, 1},∀m ∈ M

path equal to zero for all the following time periods after 
the starting time t

0
. 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 POIs 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 arti�cial variables to get 
the values 0 or 1 based on the values of the decision vari-
ables. Consecutively, the constraint (c.11) links the arti�cial 
variable of POI visit with the decision variable and forces 
the arti�cial 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). Speci�cally, 
the following models were adopted for the experimental 
evaluation: (1) a model that �nds the shortest path among 
the selected POIs (Model 1); (2) a model that �nds the saf-
est route for the user to visit the POIs (Model 2); and (3) 
a model that �nds 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 �nd 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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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 

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 

Table 4  Models used for comparison and their targets

Models Target to be minimized Objective function

Model 1: shortest path Distance argmin
∑
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of the proposed paths. The model that generates routes 
with the lowest cumulative risk, duration and number of 
direction changes compared to the others will be proven 
to be the most efficient for TRP. The generated routes are 
presented in Table 6, and the results of the models over 
the evaluation criteria are presented in Tables 7 and 8.

3.3  Presentation of the results

For the experimental evaluation, we used the simulation 
area as it is illustrated in Figs. 5 and 6, with the scenarios 
presented in Table 5. Table 6 presents the generated routes 
obtained from the different validation scenarios, and 

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 
derived from the area under 
examination
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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 �nd 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 �nd the optimal route 
with respect to the optimality criteria (Figs. 7, 8, 9).   

Concerning the optimality criterion of route duration, 
our model succeeded in �nding 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.

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 di�er-
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 di�erent 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 
di�erent tourist routes due to the signi�cant value dif-
ferences of the graph’s parameters, but also due to the 
increase in the number of POIs that the users chose to visit 
(Tables 6, 7).

In summary, our model succeeded in achieving a bet-
ter tradeo� among the minimization criteria. As it can 
be noticed in Tables  6 and 7, the generated routes of 
our model are smoother with signi�cantly 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 POIs, the multiple changes in 
the route so that the VIIs will not lose their direction and 
by minimizing the loss of cultural interest by penalizing 

Table 5  The randomly generated scenarios under examination

Scenarios Number of POIs to be 
visited

Selected POIs (nodes)

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
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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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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 speci�c POIs of the area 
in a user-de�ned 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 �nd 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 pro�t of the shops in the cultural area based 
even on pre�xed routes. In all the above studies, the user 
disability factor is not included. Our model �lls 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 e�cient with regard to 
optimality; therefore, it could su�ciently support naviga-
tion in real conditions. The initial results are promising, and 
thus, further investigation should be realized for networks 
with more nodes and POIs.

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 VIIs, 
in outdoor cultural spaces [15, 16]. Future work includes 

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 collision 
risk

Tour dura-
tion (in time 
periods)

Number 
of route 
changes

Scenario 1 Model 1 15.436 31 9

Model 2 13.4 30 9

Model 3 16.08 34 13

Our model 13.4 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 7.427 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

Table 7  (continued)

Scenarios Models Cumulative 
tour collision 
risk

Tour dura-
tion (in time 
periods)

Number 
of route 
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
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Table 8  Mean values of the 
terms under examination with 
their standard deviation

Models Mean collision risk Mean tour duration Mean route changes

Model 1 18.179 ± 5.281 31.636 ± 5.916 10.273 ± 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

Fig. 7  Results of total collision risk (CR) factor of the generated routes by each model

Fig. 8  Results of total tour duration (TD) of the generated routes by each model
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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 soni�cation 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 

will be investigated for addressing the routing problems in 
an e�cient 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, 

Fig. 9  Results of total number of route changes (RC) in the generated routes by each model

Fig. 10  Number of scenarios that each model found the optimal route based on the optimality criteria
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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].
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