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Blind people face difficulties in identifying objects of interest and moving to
them safely and efficiently in unfamiliar environments. Thanks to high-
performance computers, high-quality sensors and artificial intelligence
algorithms, it is possible to perform real-time tasks such as locating the user,
generating occupancy grids that represent the environment and identifying
objects of interest. From this information, paths can be generated that allow
the user to reach a point of interest in an optimal way. This paper presents
the performance evaluation of four path planning algorithms that were
implemented in MATLAB and tested with synthetically generated
occupancy grids, varying their size and occupancy percentage. The
evaluation criteria include time to reach the goal, number of expanded cells
and number of cells in the path. In addition, a single indicator that integrates
all performance criteria is proposed to identify the best algorithm. The
results show that the A* algorithm presents the best performance in static
environments, under certain hardware requirements for data processing and
restrictions on grid size for real-time applications. These findings expand the
fields of application of path planning algorithms, quantify their performance
under different conditions of the environment, and make them attractive for
implementation in embedded systems.
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1. INTRODUCTION

Approximately 80% of human learning is mediated through vision. Its absence significantly impacts
various activities such as spatial orientation, independent mobility, and access to visual information,
including signage, gestures, and facial expressions [1], [2]. It hampers reading, performing everyday tasks
such as cooking, cleaning, or shopping, and using technologies not designed for accessibility. It also limits
educational and employment opportunities and can contribute to social isolation.

At least 2.2 billion people worldwide have some form of near or distance vision impairment. In
almost a billion of these cases, visual impairment could have been avoided if some preventive treatment was
applied [3]. In Colombia, the 2,018 National Population and Housing Census revealed that 1,948,332 people
have visual impairment, which represents 62.17% of the population with disabilities in the country and is
equivalent to 7.1% of the total population [4].

Journal homepage: http://ijeecs.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 O 1639

Currently, blind people have tools such as white canes and guide dogs that facilitate mobility but
these methods do not offer detailed information about objects in the environment or the best path to reach a
destination. Technological advancement has allowed the development of tools that improve the quality of life
of people with visual impairments. These innovations can facilitate reading and improve accessibility to
various daily activities [5]. Nevertheless, there are few developments focused on assisting blind people in
their mobility, a key challenge for their independence and safety in unknown environments.

Electronic travel aids (ETAS) are assistive tools that help blind people navigate unfamiliar spaces
safely and independently. Several assistants focus on obstacle detection and avoidance, while others include
additional functions such as environment description, object detection, fall detection, and water detection, but
without path planning. Below are some outstanding systems of this type, based on smart canes, wearables,
and guidance robots, which include various sensors such as ultrasound, light detection and ranging (LiDAR),
red, green, and blue (RGB) cameras, and depth cameras.

Electronic canes are assistive tools that have gained great popularity, thanks to their ability to detect
objects even without physical contact and to include other features such as a panic button [6], power supply
with solar panels and water detection [7]. Their main advantage over conventional canes is their ability to
detect hanging obstacles, as analyzed in [8]. Ali [9] compared two obstacle detection devices based on
ultrasound sensors are: a smart cane and a belt, identifying advantages of these over the classic cane in terms
of usability and accuracy.

The system [10], in addition to detecting obstacles and moving objects, identifies if the user has
fallen and sends an alarm to the guards when this occurs, indicating the exact position. It uses ultrasonic
sensors, a passive infrared (PIR) motion sensor, an accelerometer, a microcontroller, a cell phone app, and a
transmitter. The system is lightweight and compact, allowing it to be worn on the shin. User feedback is
provided through voice instructions. Another type of navigation assistant is the one based on shoes that
integrate ultrasound sensors for obstacle detection. Wu et al. [11] use accelerometers are included that allow
falls to be detected and when this happens, the system calls an emergency contact.

In addition to ultrasound sensors, [12] includes a milli-LiDAR and inertial sensors, along with a
fuzzy classifier and a navigation algorithm. The system is implemented on a Raspberry Pi 4 running robot
operating system (ROS) 2 to integrate all the modules into nodes and provide feedback to the user with voice
and haptic commands. The mini-LiDAR is housed in a hand-band unit, while the ultrasound sensors are
housed in a head-band unit.

To detect objects of interest in real time, embedded computers such as the Jetson Nano and
Raspberry Pi 3 B+ are used. The processing speed, latency, and accuracy of the inferences made by these
algorithms are very important. For this reason, Joshi et al. [13] compare their performance considering the
requirements of ETAs. Boussihmed et al. [14] propose real-time obstacle detection on sidewalks to assist
blind and low vision people in mobility using lightweight deep learning models and internet of things (1oT)
devices with memory and processing limitations. In addition to detecting obstacles, blind people require a
description of the environment. For this purpose, deep learning models such as SSDLite MobileNetV2 have
been used in [15]. A camera, a Raspberry Pi 4B, and auditory feedback are used. The device is integrated into
a cap so that it is not noticed.

Path planning algorithms are widely used in robotics but in recent years, the most advanced
assistance systems include them to generate efficient and safe trajectories. The calculated route must be the
shortest or fastest, and the directions for following that route must be clear so as not to overload the user with
too much information. Furthermore, the directions given to the user must not interfere with auditory
information about the environment, so haptic feedback is preferred. Among the most widely used path
planning algorithms for navigation assistance for the blind are Dijkstra's and A* [16]. The most notable
systems that integrate path planning are presented below.

A greedy path planning algorithm called OPTIPATH is used in [17] to estimate a route along the
corridors of a supermarket, thus offering blind people an autonomous shopping experience, avoiding
collisions with obstacles and minimizing the number of turns along with the distance traveled. The algorithm
can be used with any obstacle detection assistant such as canes with ultrasonic sensors.

The wearable system [18] employs an RGBD (red-green-blue + depth) camera integrated into
glasses, a smartphone user interface, a visual odometry-based localization algorithm, and the D* lite
algorithm to calculate the shortest path to the target and guide a person in indoor environments through audio
and haptic commands. The environment is represented in the form of 3D voxels that define spaces to walk
safely. The wearable system called intelligent situation awareness and navigation aid (ISANA) [19] creates a
map with high-level semantic information and calculates an optimal route in indoor environments using the
A* search algorithm. It includes a module for obstacle detection and avoidance based on data from an RGBD
camera. The feedback is auditory with a priority-based mechanism to avoid overloading the user. The
wearable system [20] uses a priori information about the structure of the environment, inertial sensors, an
RGB-D camera, global positioning system (GPS), and a Jetson Orin Nx processor that allows it to run
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different algorithms in real time to improve the quality of depth maps, create a map with semantic
information, and estimate the position of the user navigating in outdoor environments. A route to objects of
interest is generated using D* lite, and the user is guided using a bone conduction headset.

Wang et al. [21] introduced a smartphone-based system. The user initially explores an unknown
environment and the system creates a representation of it (2D grid), computing the localization using a stereo
camera and a visual simultaneous localization and mapping (SLAM) algorithm. The user then chooses an
object of interest, and the system calculates the optimal route and guides the user safely around obstacles
through audio and haptic instructions. The algorithm employed to estimate optimal routes is A*. To simplify
the route and thus make it easier for the user to follow the instructions, the Douglas-Peuker algorithm [22] is
implemented. The ANSVIP navigation assistant for the blind [23] uses haptic (haptic glove) and auditory
feedback to guide the user to a goal. It runs a SLAM algorithm on an ARCore-compatible smartphone to
estimate motion and for situational awareness along with the mapping. It employs an adaptive artificial
potential field algorithm that generates smooth and safe routes. The smartphone-based Corridor-Walker
system [24] assists blind people in recognizing obstacles and identifying intersections in corridors of
buildings such as apartments, offices, and hospitals. The system constructs a 2D occupancy grid from a
LiDAR sensor and guides the user using audio and vibrations. The path planning algorithm is A*, while you
only look once (YOLO) v3 is used to identify intersections.

CCNY [25] is a robotic cane that assists blind people with indoor mobility, integrating a SLAM
localization and mapping system, an IR depth camera (based on Google Tango), and the A* path planning
algorithm with Manhattan distance-based heuristics. The device generates real-time navigation instructions
through haptic feedback. The autonomous suitcase-shaped robot, called carry-on-robot (CaBot) [26], guides
blind people to a destination while avoiding obstacles along the route and detecting pedestrians. It has a ZED
stereo camera and a LiDAR to obtain information about the environment. Information is provided through
auditory and haptic feedback. For route estimation, it uses the ROS navigation packages: Navfn global path
planner2 and DWA local path planner3 [27]. Tests conducted on the vibro-tactile handle, walking speed, and
ease of handling demonstrated high confidence in the robot.

This paper compares the performance of four path planning algorithms: Spanning tree (ST), Breadth
First Search (BFS), Dijkstra (DIJ), and A start (A*), considering three criteria: execution time, number of
expanded cells, and number of cells in the path. This analysis allows us to identify the characteristics of each
algorithm and its performance, important information for their implementation on portable embedded
computers, which, despite significant progress in recent years, suffer from processing and memory
limitations. This analysis is conducted considering different environmental conditions such as size and
complexity, and within the context of assisting blind people. The main contribution of this work are: i) the
overall performance indicator based on the three aforementioned criteria, which allows identification of the
A* algorithm as the most appropriate option for path planning in navigation assistance systems for blind
people in static indoor environments, due to its efficiency in terms of execution time and number of expanded
nodes and ii) the analysis of computational requirements in the implementation of these algorithms for a real-
time assistance application that impose restrictions on the type of embedded hardware and on the size of the
gird that allows representing an adequate area without compromising the viability of the system.

This paper is organized as follows. Section 2 describes the methodology to determine the
performance of the path planning algorithms. Section 3 analyzes the proposed overall performance indicator,
based on three performance criteria (execution time, number of expanded cells, and number of cells in the
path). A comparison with other systems is made, and practical implications for its implementation in
embedded computers are defined. Section 4 presents the main conclusions of this work. Finally, funding
information, author contributions, conflicts of interest, data availability, references, and bibliographies of the
authors are presented.

2. METHOD

ETAs for assisting blind people in purposeful navigation are focused on guiding a person to a goal.
These systems work in unknown environments where the user needs to reach a point of interest such as a
computer, a table, a chair, a door, or even a person. The starting point is the user's current location and the
end point is the location of the goal. The most appropriate representation of the environment is through
occupancy grids, since it allows the system to identify free and occupied spaces using intermediate storage
and processing resources, for environments such as offices, rooms in educational institutions, airports, and
shopping centers. Given the user's location, the location of the object of interest, and the representation of the
environment in the form of an occupancy grid, the problem is reduced to find the optimal path between two
nodes. The problem of finding the optimal path is presented graphically in Figure 1.
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Figure 1. Description of the problem of finding an optimal path to a goal, applied to blind people

The diagram with the proposed methodology to evaluate the performance of search algorithms is
presented in Figure 2. The first step is to define the requirements of the application to assist blind people in
navigation. This application requires processing at least 5 images per second, in order to represent changes in
the environment given the user's speed of 0.26 — 1.11 m/s [28]. This means that the occupancy grid, the
objects of interest and the user's location must be updated at least 5 times per second, so the path planning
algorithm must be efficient to reduce the consumption of computing resources. On the other hand, small and
light processing equipment is required, which is easy for the user to carry. For processing, portable
computers carried on the user's back or high-performance development kits such as the Jetson Nano, Jetson
Orin Nx and Jetson TX2 have been used. This portability entails the use of computers that have limitations in
computing capacity and memory, so the path planning algorithms must also be efficient in memory
consumption. Considering performance requirements, portable computing equipment and limitations in
processing and memory resources, a performance comparison, is very important for its implementation in
real applications.

Define the application
requirements

Identify the characteristics of
search algorithms

Implement search

algorithms

Generate grids of different size
and occupancy percentage

performance of search

( Evaluate the
algorithms

Figure 2. Block diagram of the methodology for evaluating the performance or search algorithms

If the representation of the environment were continuous, the number of possible routes to a target
would be infinite. For this reason, a graph representation is used, reducing it to a search problem in a discrete
space. We work with uniform grids where each cell is a node of the graph and each edge is associated with a
movement action that leads from one node to another. This representation allows us to evaluate the cost of
the paths and avoid collisions with obstacles. Small cells have the advantage of a more exact representation
of obstacles but require more memory and processing. The search algorithm determines a sequence of
decisions about which edge to follow in such a way that it connects the initial node with the target node. The
main characteristics of the search algorithms are the following:
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a) Optimality: the algorithm calculates the best path, regardless of whether there is more than one solution.
In this application, we work with a uniform grid (with the same transition cost between neighboring
nodes) so the best path is the one with the lowest number of nodes (the shortest path).

b) Feasible: the calculated paths satisfy the user's movement constraints. For this application the user can
move diagonally such that each node has eight neighbors.

c) Admisible: the calculated paths do not pass through obstacles, that is, the nodes that make up these
paths are empty nodes.

d) Completeness: the algorithm will find a solution if one exists. Otherwise, it will report failure.

The search algorithms are used mainly in robotics for reaching the destination in an optimal way, that is,

finding the path with the least cost. In uniform grids, it means the path with the least number of nodes, which

represents the least effort for the robot, or in this case, for the blind person.

ST: it uses a tree where the node being expanded is the parent and the expanded nodes are the
children. Open and close lists are used, which allow the next node to be chosen randomly, but with two
conditions: that the node is not an obstacle and that it has not been evaluated before. This process can take
into account the nodes that have already been visited, avoiding cyclical paths. Each node can have only one
parent so that when the goal node is found, the route is generated in reverse order, following the parents
starting from the parent of the goal node.

BFS: it explores the nodes closest to the origin before moving to more distant nodes. It is used in
graphs where the cost of moving between nodes is uniform. This form of expansion is called the wavefront
optimality principle. The open list is now a first in, first out (FIFO) queue, so nodes are removed from the
front of the FIFO queue and placed at the back.

DIJ: it finds the shortest route in graphs with non-uniform movement costs. It does not use a
heuristic or the direction of the objective, so the computational cost is high. Instead of a FIFO queue, it uses a
priority queue that is organized by cost-to-come (cost to get from the initial node to the current node) such
that the removed node is the one with the lowest cost.

A*: it uses a heuristic to guide the search towards the objective efficiently. Its cost function
considers the cost from the initial node to the current one (cost-to-come) and the cost defined by the heuristic
(cost-to-go). The first cost is exact and known while the second cost is an estimate. The priority queue is
organized based on the sum of the two previous costs, it means, the cost of going from the start node to the
goal node. In this application, the Manhattan heuristic is used.

The four algorithms described above are feasible, admissible, complete but only the last three are
optimal. The algorithms were implemented in MATLAB, starting with the most basic algorithm. From
this, small adjustments are made that lead to the other algorithms. This methodology is similar to that
presented in [29].

The general pseudocode of the search algorithms implemented in this work is presented in Figure 3.
In lines 1 and 2, the current node is defined as the start node and is inserted into the open list (O) containing
the nodes to be explored. In line 3, the termination condition is found, which indicates that the search
algorithm is executed as long as the open list is not empty. In line 4, a node is extracted from the open list
and is defined as the current node. In line 5, the current node is inserted into the close list (C), which contains
the nodes already explored. In line 6, it is verified whether the goal node was reached. In that case, the search
is successful and finishes. Otherwise, the expandNode() function is executed, as shown in line 9. This
function is responsible for generating the reachable neighbor nodes from the current node and adding them to
the open list, according to the rules of the search algorithm. Depending on how the open list and the
expansion function expandNode() are handled, different algorithms are obtained.

Data: Occupancy grid G, start node Xs and goal node Xg
Result: Path connecting the start node to the target node

00 Search algorithm for path planning (G, Xs, Xg)
01 Current node X € Start node Xs

02 O.insert(Current node X)

03 while (O is not empty) do

04 Current node X € O.remove()
05 C.insert(X)

06 H(X==Xg)

o7 Return success

08 else

09 expandNode()

10 end

11 end

Figure 3. General pseudocode for search algorithms
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To calculate the performance of the algorithms, occupancy grids were created that represent
different sizes and complexity of the environment. Three grid sizes were used: 100x100, 200x200, and
400x400 nodes. If each node is assumed to be 0.1 mx0.1 m in size, square spaces of 10 mx10 m, 20 mx20 m
and 40 mx40 m would be covered, respectively. On the other hand, three occupancy percentages are defined,
which are related to the complexity of the environment, since the greater the occupancy, the more extensive
the search must be performed by the algorithm. These percentages were: 20%, 40%, and 50%. These grids
were created randomly in compliance with the occupancy percentages. To determine the performance, the
following criteria were used:

a) Execution time: this parameter refers to the duration, in time units, that the algorithm took to calculate
the path until reaching the objective.

b) Expanded cells: this parameter considers the number of nodes that were expanded. The greater the
number of expanded nodes, the higher the computational cost.

c) Number of nodes in the path: this is the number of nodes that make up the calculated path. The
algorithms search for a solution that minimizes this parameter.

3. RESULTS AND DISCUSSION

The tests were carried out for different grid sizes and for different occupancy percentages. The
initial point was the node located in the upper left corner of the grid and the goal point was the node in the
lower right corner. Figure 4 shows the occupancy grid and the calculated path for each algorithm, with a grid
of 200x200 nodes and for an occupancy percentage of 40%. The path is drawn in green, with a lighter tone as
the iterations increase. The notation used to identify each algorithm is as follows. ST, BFS, DIJ, and A*.

Note that the path shown in Figure 4(a) is longer than the one shown in Figure 4(b). This is because
the ST algorithm uses an exploration-based search structure, which tends to generate suboptimal paths. In
contrast, the BFS, DIJ, and A* algorithms implement more advanced search strategies that allow obtaining
optimal paths. These last three algorithms differ from each other in their exploration approaches, which is
reflected in the number of expanded nodes and the execution time, as analyzed below.

Figure 4. Path calculated by (a) ST and (b) BFS, DIJ and A*. Grid: 200x200 and 40% of occupancy

The time taken by each algorithm to find a path to the goal node was compared, considering
different occupancy percentages, for a constant grid size of 200x200 nodes, as shown in Figure 5. It is
observed that there is a small increase in the execution time due to the increase in the complexity of the
environment, observing in all cases that the algorithm with the lowest execution time was A*, followed by
ST, BFS, and D1J.

The time taken by each algorithm to carry out the calculations was also calculated, varying the size
of the grid and leaving the occupancy percentage constant at 40%, as shown in Figure 6. It can be observed
how the time increases considerably for a grid of 400x400 nodes. This puts a restriction on the size of the
grid and on the size of each node, given the limited resources of an embedded system and the real-time
requirements of the application. The algorithms ST, BFS, and DIJ presented a low performance compared to
A*. This last algorithm did not grow in the same proportion as the others since it used a heuristic that guided
the search efficiently.
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For the last case, where the occupancy percentage is kept constant (40%) and the grid size is varied,
two more criteria are evaluated. Figure 7 shows the number of nodes expanded by each algorithm to calculate
a path. Note that the A* algorithm expands a significantly smaller number of nodes than the other three
algorithms, which have a very similar behavior among themselves with respect to this variable. This is due to
the greater search efficiency obtained by using a heuristic.
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Figure 7. Number of nodes expanded by each search algorithm in a 40% occupancy grid
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The number of nodes that make up the path calculated by each search algorithm is presented in
Figure 8. Note that ST is the algorithm that generates the longest path while BFS, DIJ, and A* generate
optimal routes, that is, with the smallest number of nodes.
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Figure 8. Number of nodes that make up the path in a grid with 40% occupancy

Given these three indicators (time, expanded nodes, and nodes that make up the obtained path), a
general indicator was proposed that brings together the information from all three. The higher these
indicators are, the lower the performance is, so we worked with the normalization with inverse relationship
presented in (1) which assigns 1.00 to the lowest indicator and 0.00 to the highest indicator.

Inax—1
L=—"— Q)

Imax—Imin

Where Inax is the indicator with maximum value, Iwin is the indicator with minimum value, 1 is the indicator to
be normalized and I, is the normalized indicator. Therefore, the closer the general indicator is to 1.00, the
better its performance. Table 1 presents the result of normalization. Note that A* had the best results while
ST had the worst.

Table 1. Normalized indicators of time, expanded nodes and nodes on the path
Criteria/algorithm ST BFS DIJ  A*
Time 033 020 0.07 1.00
Expanded nodes 0.00 0.00 0.00 1.00
Nodes onthe path  0.00 1.00 1.00 1.00

Finally, these values were averaged for each algorithm, obtaining the overall indicator presented in
Figure 9. It can be observed that A* had the best overall performance (1.00) while ST had the worst
performance (0.11). The BFS and DIJ algorithms had a similar overall performance since they share many
characteristics in the path search. However, the DIJ algorithm carries out more operations to deal with non-
uniform grids (variable transition costs between nodes), although in this case the grid is uniform, so the
execution time was longer, affecting its overall indicator.

This overall performance indicator tells us that the most suitable algorithm for implementation in
embedded computers, considering large, static indoor environments, is A*. This statement is consistent with
the one presented in [16], which states that A* is the most widely used path planning algorithm in navigation
aids for blind people. Among these navigation assistants are [19], [21], [24]-[26].

The results demonstrate the need to carefully consider the computational requirements for
implementing path planning algorithms in ETAs for blind people. The choice of hardware is a critical factor,
since processing occupancy grids and executing algorithms in real time requires devices with advanced
computing capabilities. In this sense, platforms such as the Nvidia Jetson Orin Nx [20] or high-performance
smartphones [21], [24], are presented as viable options to support the computational demands of the system.

Performance evaluation of path planning algorithms for blind people (Paula Mosquera-Ortega)
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Another relevant aspect identified in the study is the relationship between grid size and
computational cost. It was observed that an increase in the number of cells significantly impacts the
algorithm's execution time, which could compromise the viability of its implementation on portable
hardware. To mitigate this effect, it is proposed to restrict the grid size to 100x100 cells, which would allow
representing an area of 10 mx10 m, considering a 0.1 mx0.1 m cell. This size is suitable for indoor
environments, where conditions are relatively static and large-area coverage is not required.

For larger environments, a viable strategy is to maintain the same number of cells and increase the
size of each cell, which reduces the resolution of obstacle representation but decreases the algorithm's
execution time. This approach allows scaling coverage without significantly affecting the system's
computational performance, although at the cost of lower path planning accuracy. Kapadia et al. [30]
mention some grid cell sizes ranging from 0.4 mx0.4 m to 1.5 mx1.5 m. For the latter cell size, a 100x100-
cell grid could cover an area of 150 mx150 m, which is sufficient for large environments.

In dynamic scenarios, where obstacle locations change over time, a constant update of the path
planning is required. In this case, the BFS algorithm is suggested, reinitializing the search each time a change
in the grid is detected. Since this algorithm is highly parallelizable, implementing it on a CPU or even a GPU
can significantly improve response times, as is demonstrated in [31], allowing the user to receive real-time
guidance while navigating through the environment.

Finally, a crucial aspect to consider in the implementation of these systems is the usability and user
comprehension of the instructions. It has been identified that repeated changes in the user's trajectory, which
involve constant modifications in the direction of movement, can generate instruction overload and make it
difficult to follow the planned route. To mitigate this problem, the use of route simplification algorithms,
such as the Douglas-Peucker algorithm [22], is recommended. This algorithm smooths the trajectory while
maintaining its efficiency, reducing the number of direction changes, and facilitating the user's interpretation
of instructions.

4. CONCLUSION

In this work, the performance of four path planning algorithms was evaluated in synthetic
environments represented by occupancy grids. The algorithms were implemented and tested in MATLAB,
varying the grid size and occupancy percentage, in order to quantify their performance under different
conditions of the environment. The algorithm A* presented the best overall performance, achieving the
highest value on the proposed global indicator (1.00). In contrast, ST showed the worst performance (0.11),
making it less suitable for application in navigation systems for the blind with real-time requirements. On the
other hand, the BFS and DIJ algorithms presented similar performance due to their shared search strategies.
However, it was observed that DIJ requires more operations to manage grids with non-uniform transition
costs, which increased its execution time in the evaluated case of uniform grids, negatively affecting its
overall performance.

The number of grid nodes directly affect the computational load, while the density of obstacles has a
minor effect on the algorithm's performance. For this reason, it is recommended to set a limit on the grid size
for applications on portable hardware, allowing for efficient execution without compromising system
viability. For a 100x100-cell grid, the execution time with A* was 60 ms, which would allow real time
performance.
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These findings highlight the importance of selecting the appropriate path planning algorithm based
on the environmental conditions and the system's computational requirements. In particular, the superiority of
A* in static environments positions it as a viable option for implementation in embedded devices intended for
navigation assistance for blind people. As future work, we suggest evaluating these algorithms in the Nvidia
Jetson Orin NXx.
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