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Abstract: The auto industry is accelerating, and self-driving cars are becoming a reality. However, the
acceptance of such cars will depend on their social and environmental integration into a road traffic
ecosystem comprising vehicles, motorcycles, bicycles, and pedestrians. One of the most vulnerable
groups within the road ecosystem is pedestrians. Assistive technology focuses on ensuring functional
independence for people with disabilities. However, little effort has been devoted to exploring
possible interaction mechanisms between pedestrians with disabilities and self-driving cars. This
paper analyzes how self-driving cars and disabled pedestrians should interact in a traffic ecosystem
supported by wearable devices for pedestrians to feel safer and more comfortable. We define the
concept of an Assistive Self-driving Car (ASC). We describe a set of procedures to identify people with
disabilities using an IEEE 802.11p-based device and a group of messages to express the intentions
of disabled pedestrians to self-driving cars. This interaction provides disabled pedestrians with
increased safety and confidence in performing tasks such as crossing the street. Finally, we discuss
strategies for alerting disabled pedestrians to potential hazards within the road ecosystem.

Keywords: autonomous cars; disabled pedestrians; wireless communications; 802.11p

1. Introduction

Vehicle automation toward full autonomy has become an increasingly important
technology over the last decade to improve road safety, reduce pollution, optimize traffic
flow, and reduce costs. Automated driving has been defined as a series of levels at which
functions are implemented in the car, allowing it to perform driving tasks previously
performed by the driver. The Society of Automotive Engineers (SAE) has defined six levels
of automation in vehicles, ranging from zero, where the driver fully performs the car’s
driving task, to level 5, where the car controls the driving task without human intervention.
Figure 1, which is based on the content presented in [1], provides an overview of the
different automation functions performed at each level of automation. The automotive
industry’s efforts over the past decade have focused on developing more intelligent vehi-
cles with connected and self-driving capabilities, known as Connected Self-Driving Cars
(CSC), which will contribute to increased safety for passengers and pedestrians, as well as
reductions in road accidents, congestion, and air pollution, among other issues [2,3].

Some organizations, such as the United States Department of Transportation’s (US-
DOT) National Highway Traffic Safety Administration [4], the World Health Organization
(WHO), and the European Union’s Intelligent Transportation System Directive [5] consider
that within the road driving ecosystem there is a group of road users who can be regarded
as less protected and who, in the event of a crash, may suffer severe injury or even lose
their lives. This group is called the vulnerable road users (VRUs) and includes pedestrians,
cyclists, motorcyclists, and users with transport devices.
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VRUs do not have the necessary protection so when they are hit by a vehicle, the
injuries suffered by the pedestrian can be very serious. The risk factors that cause most
pedestrian crashes and injuries include speeding, impaired driving, unsafe infrastructure,
poor pedestrian visibility, inadequate enforcement of traffic laws, reduced walking speed of
the elderly, pedestrian distraction, and other factors. To improve user safety within the road
ecosystem, ITS-based road safety applications have been developed and proven effective,
but the main problem is their slow deployment, so the benefits to society are not visible.

In [6], the authors define a classification with six categories to identify the differ-
ent types of VRUs, including (i) distracted road users, (ii) road users inside the vehicle,
(iii) special road users (older adults and children), (iv) users of transport devices, (v) an-
imals and (vi) road users with disabilities. According to WHO statistics, approximately
1.35 million people die in road crashes annually, and more than half of all road deaths are
of vulnerable road users [7]. WHO emphasizes that older adults, children, and disabled
people are the most vulnerable in the road-driving ecosystem. WHO estimates that around
16% of the world’s population has a severe disability [8]. Data show that approximately
45 million people are blind, and 430 million have disabling hearing loss [9].

Pedestrians with disabilities, known as Disabled VRUs (D-VRUs), suffer from serious
problems preventing them being able to move independently within the road driving
ecosystem. Several methods have been proposed to reduce the number of accidents
involving pedestrians [10–13]. Generally, these proposals use onboard sensors such as
cameras, radar, or LiDAR to identify pedestrians [14]. The main drawback of these meth-
ods is that they rely on line-of-sight (LoS) between pedestrians and vehicles and have
limited coverage.

Solutions to the line-of-sight dependency problems have focused on using mobile
devices of VRUs to exchange information with cars near their travel environment. These
methods enable cars to detect VRUs even when they are out of the car’s line of sight [15–18].

For D-VRUs to feel safe and secure within the road driving ecosystem, they need a
mechanism to interact with the car and ensure that both parties understand this interaction
correctly. A two-way interaction mechanism for communication between a self-driving car
and a disabled pedestrian needs to be defined. This mechanism must include features to
detect and identify D-VRUs and allow them to express intentions to both the self-driving
car and the D-VRU.

In recent years, assistive technology (AT) has emerged, focusing on using technology
to assist people with disabilities. Assistive technology is a technological device or software
that enables people with disabilities to have an independent, healthy, and productive
lifestyle and an easier integration into society [19].

Several interaction tasks, such as pedestrian detection and identification, motion
prediction, behavior analysis, pedestrian location, car-to-pedestrian communication, and
feedback, are required for successful two-way communication between the self-driving car
and the D-VRU. Cooperative communication systems between D-VRUs and self-driving
cars are required to facilitate the mobility of people with disabilities, reduce the likelihood
of accidents, and increase the acceptance of such cars.
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A D-VRU needs user equipment (UE) that obtains and exchanges contextual and
motion information with the self-driving cars on the public road. This allows the self-
driving car to identify the D-VRU and generates a self-driving car–D-VRU interaction. The
use of contextual information improves the detection accuracy of disabled pedestrians.

In this paper, we analyze how integrating AT into the environment of D-VRUs and
self-driving cars can contribute to increased safety, security, and confidence of D-VRUs
when crossing streets. The proposal integrates assistive devices worn by D-VRUs with
assistive technology that is incorporated into self-driving vehicles, creating the Assistive
Self-Driving Car concept. An assisted self-driving car has four main components. The first
component is a set of sensors (cameras, radar, and LiDAR, among others) that allow it
to perform the driving task automatically, without the need for human intervention. The
second component is a wireless communication system based on 802.11p that facilitates the
exchange of messages between the self-driving car and pedestrians with disabilities. The
third component is software that enables the car to recognize hand gestures to interpret the
intentions of pedestrians with disabilities. Finally, the last component is a set of interfaces
(audio and visual) that facilitate the interaction with the disabled person and express to the
pedestrian the following actions.

In this proposed system, pedestrians with disabilities wear a handheld device with
built-in 802.11p technology, and self-driving cars are equipped with 802.11p communica-
tions technology. To illustrate how our proposal works, a specific scenario type of AITS is
presented as an example: the self-driving car–disabled pedestrian interaction in a crosswalk
environment. In this scenario, the self-driving car can locate pedestrians with disabilities,
identify the specific type of disability, alert the other cars traveling behind it, and provide
adaptive interaction according to the disability.

This article is part of a larger project integrating machine learning models to detect
D-VRUs and identify the intentions of people with disabilities. This work focuses on the
communication protocol to enable the D-VRUS to communicate with the self-driving cars,
reporting their presence and the nature of their disability and performing the detection,
even in situations of total occlusion. The proposal defines a set of procedures for identifying
D-VRUs using a device based on 802.11p wireless technology. In addition, a group of
messages is defined and exchanged between all the elements that comprise the proposed
architecture, which communicates the location of the D-VRU and their disability, enabling
the self-driving car to respond through the interface that best suits the limitations of the
D-VRU, giving the pedestrian higher safety to move around the road environment.

This proposal brings several benefits to the road environment, including early detec-
tion of disabled people in the road ecosystem, which could reduce road accidents. Cars
could maneuver to assist the disabled person to cross the road. At the same time, other
surrounding vehicles would be alerted of the disabled pedestrian nearby.

In practice, this proposal could be implemented by government agencies, which
could provide the device, certify the nature of the disability, and record non-personal
information on the device, thus preserving user privacy. Alternatively, a vehicle, even a non-
autonomous one, could use an electronic component equipped with 802.11p technology to
alert the driver of a disabled person nearby through some mechanism (visual or auditory).

The rest of the paper is structured as follows: Section 2 presents work related to
assistive technology’s use for pedestrian detection. Section 3 discusses our proposed
interaction solution between self-driving vehicles and disabled pedestrians. Section 4 is a
detailed description of the proposal evaluation process. The results and their discussion
are presented in Section 5. We close this article with the conclusions of the work.

2. Related Work

In the self-driving environment, pedestrian detection is one of the most important tasks
for maintaining the safety of people moving around. In [20], the authors explain that pedes-
trian detection has focused on three types of methods: (i) handcrafted approaches [21–23],
(ii) applying self-learning algorithms [24–26], and (iii) hybrid methods [27–29]. These meth-
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ods define three essential stages: proposal generation, classification (and regression), and
post-processing. Proposal generation extracts a set of pedestrian-representing objects from
an input image. Some of the methods used for proposal generation are the sliding-window
method [30–32], the objectness method [33–35], and the region proposal network [36–38].
The proposal classification stage assigns a positive or negative class to each candidate
proposal. The assignment is based on the features extracted from each candidate proposal.
Some algorithms use shallow classifiers such as SVM [39–41] or Boosting [42–44]. Others
integrate a framework that performs the classifying and extracting functions [25,45,46].
These algorithms add a regression method that runs together with the classification function
to improve the location quality of the bounding boxes [47–49]. The post-processing stage
focuses on refining the detection and avoiding duplicate or occlusion problems. Heuristic-
based [50–52] or learning-based [53–55] methods eliminate duplicate boxes by selecting the
best bounding box.

Although current pedestrian detection systems have shown promising results, they
face many challenges. For example, existing systems do not classify pedestrians by condi-
tion; thus, there is a need for self-driving cars to be able to detect people with disabilities
and identify their disability, and therefore be able to react and interact with the pedestrian
in the best possible way according to the detected ability. Although these methods have
proven very efficient for pedestrian detection in general, if there is an obstacle between
the object to be detected and the sensors, i.e., if something is blocking the line of sight,
the sensors are no better than the human eye. Cooperation through communication is an
alternative solution to overcome these problems of sensor-based mechanisms. Thanks to
the exchange of contextual information between all the actors in the road environment, it
will be possible to detect the presence of each element and thus identify risk situations that
threaten the integrity of all users.

Vehicular Communication

Vehicular networks enable applications related to road safety, passenger infotainment,
traffic optimization, and others. Among these applications, road safety to reduce traffic
accidents is one of today’s most urgent needs [56]. Over the last decade, vehicular commu-
nication has become a growing technology. This technology establishes communication
between all the actors in the vehicular environment using communication technologies such
as IEEE 802.11p [57], Visible Light Communication (VLC) [58], or Long-Term Evolution
(LTE) [59] technologies. However, the IEEE 802.11 technology has been boosted since it
focuses on local communication. Therefore, we will consider the 802.11p technology as our
communication base in this study.

The vehicular ad hoc network (VANET) allows vehicles to communicate with each
other (vehicle-to-vehicle or V2V for short) and with roadside units (V2R) to support safety
applications such as traffic signal violation warnings, lane change warnings, highway
merge assistance, and cooperative forward collision avoidance, among others. Such appli-
cations typically broadcast periodic or event-driven messages to all surrounding vehicles
and units. Periodic messages are sent regularly, while event-driven notifications are trig-
gered by hard braking, detection of hazardous road conditions, etc. Vehicle–pedestrian
communication has focused on three specific issues: safety, pedestrian movement, and
technology performance analysis.

In work related to pedestrian motion detection, proposals have been made that use
Vehicle-to-Pedestrian (V2P) and Pedestrian-to-Infrastructure (P2I) communication to im-
prove the safety of road users [60,61]. In addition, efforts have been made in the area
of vehicle-to-pedestrian communication to incorporate mechanisms for the prevention
of traffic accidents [62,63]. Finally, efforts have been made to evaluate the performance
of the 802.11p technology used for V2P and P2I communication. Technology has been
compared and analyzed under line-of-sight (LOS) and non-line-of-sight (NLOS) chan-
nel conditions [64]. Evaluations of 802.11p technology have been conducted, comparing
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it with C-V2X communication technology based on fourth- and fifth-generation mobile
communication standards (LTE and 5G NR) [65].

3. Materials and Methods

In this section, we first explain the general application scenario of our proposal.
Subsequently, we describe the technical aspects of the technology used, and finally, we
describe our proposal in detail.

3.1. Scenario Description

The overall scenario to illustrate this proposal is shown in Figure 2. The scenario
presents a person with a disability who is walking towards a pedestrian crossing. The
person with a disability is wearing a device equipped with 802.11p communication capa-
bility (WPD—Wearable Personal Device). This device could be implemented through a
wristband or a pendant-type device. It transmits information at regular 2 s intervals over
approximately 500 m. We propose a WPD that includes a DSRC with a 10 MHz bandwidth;
an operation frequency of 5.9 GHz; and BPSK/QPSK, 16-QAM, or 64-QAM modulation
schemes, with a range of up to 450 m [66]. Table 1 shows the parameters of the IEEE 802.11p
physical layer [67].
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Table 1. Summary of IEEE 802.11p physical layer parameters.

Parameter Value

Data rate 3, 4.5, 6, 9, 12, 18, 24 and 27 Mbps
Transmission bandwidth 10 MHz

Modulation schemes BPSK, QPSK, 16-QAM, and 64-QAM
Codification rate 1/2, 1/3, and 3/4
Data sub-carriers 52

OFDM symbol duration 8 µs
Guard interval 1.6 µs

FFT period 6.4 µs
Preamble duration 32 µs

Sub-carriers spacing 0.15625 MHz
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An onboard unit (OBU) with 802.11p technology is installed in the vehicles. The OBU
is primarily responsible for maintaining communication within the driving environment.
It performs the function of listening for messages from either disabled pedestrians or
the other cars in the driving environment. In addition, it can send messages to the cars
to inform them if a disabled person is moving around the driving environment. The
vehicles receive messages sent by a person with a disability at regular intervals to indicate
that they are always present in the driving environment. Vehicles receiving the message
retransmit it to inform other vehicles in the vicinity of the presence of a person with a
disability. The information received by the autonomous car allows it to identify the type of
disability of the pedestrian and to react most safely (e.g., stop or continue driving). It then
indicates the action using the interface best suited to the pedestrian’s characteristics, such
as visual communication through displays, LED light strips, or holograms, among others,
or transmission through sound emission.

3.2. Technical Background

Wireless Access in Vehicular Environments (WAVE) is a wireless communication
system that provides seamless and interoperable services for Intelligent Transportation
Systems (ITS). The goal of WAVE is to provide communication mechanisms for vehicles
and infrastructure, vehicles, and devices, and between vehicles. WAVE consists of the
IEEE 1609 protocol family and the IEEE 802.11p [57]. The WAVE specification defines the
architecture and services required to enable communications in vehicular environments.
The IEEE 1609 protocol set contains the architecture, communication models, management
structure, and security specifications to be used in conjunction with IEEE 802.11p. The
IEEE 1609 and IEEE 802.11p provide upper and lower layers, respectively, to enable WAVE
communications [68]. Specifically, IEEE 1609.1 enables WAVE application interoperability
by defining the architectural components for WAVE. The IEEE 1609.2 is responsible for
providing security mechanisms to prevent eavesdropping, spoofing, alteration, and replay
attacks. The IEEE 1609.3 addresses schemes and routing services. Finally, IEEE 1609.4
defines medium access (MAC) enhancements to support WAVE. IEEE 1609.12 specifies
object identifier assignments used in WAVE [69]. The WAVE standards support low-
latency transaction environments between vehicles (V2V), infrastructure (V2I), and devices
(V2D) for safety and mobility applications. Figure 3 shows the organization of the WAVE
protocol stack.
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The IEEE 1609.3 standard specifies two data plane protocols: IPv6 and the WAVE Short
Message Protocol (WSMP). WSMP and IPv6 are separate protocols independent from each
other: IPv6 frames are not transported over WSMP or vice versa. WSMP allows the control
of physical characteristics such as channel number and transmission power. Applications
must provide a Provider Service Identifier (PSID) and the MAC address of the destination
device or group addresses.

On the other hand, the SAE J2734 Dedicated Short-Range Communications (DSRC)
Message Set Dictionary defines a set of messages, frames, and elements for V2V and V2I
safety exchanges. DSRC is a promising wireless standard to connect infrastructure with
vehicles [70].

WAVE is the core part of DSRC. A DSRC network comprises two primary units: the
RoadSide Unit (RSU) and the On-Board Unit (OBU). RSUs are stationary units connected
to a core network and roaming vehicles. OBUs are network devices attached to several
kinds of cars. As mentioned earlier, DSRC uses WiFi-based PHY and MAC protocols. IEEE
802.11p is the default standard that defines the characteristics of such layers to be used by
DSRC. IEEE 802.11p allows high-mobility vehicular scenarios [71].

IEEE 802.11p uses 5.9 GHz radio transmission and covers at most 1 Km in diameter.
This radio spectrum is divided into operational channels, as Figure 4 shows. WAVE uses
the Control Channel (CCH) in Channel 178 and at least one Service Channel (SCH) in
Channel 172, 174, 176, 180, or 182 while connected to the network. Channel 184 is a High
Availability and Low Latency (HALL) channel for future use [70]. CCH is used to exchange
safety and control information. SCH provides IP packet exchange communication.
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The IEEE 802.11p PHY layer uses orthogonal frequency-division multiple access
(OFDMA) with a 10 MHz channel bandwidth. The specification also doubles the symbol
duration to reduce inter-symbol interference and to support a large delay spread. Thus, the
peak data rate is 27 Mb/s. The MAC layer uses carrier-sense multiple access with collision
avoidance (CSMA/CA) and the enhanced distributed channel access (EDCA) procedure to
prioritize access for traffic categories such as emergency messages.

Recently, a new IEEE 802.11bd standard compatible with V2X communications, aimed
at enhancing transmission modes, increasing the MAC throughput to up to 500 km/h, and
reducing noise sensitivity levels of the lowest IEEE 802.11p data rate for longer communi-
cation ranges and defining a position technique is being developed [72].

3.3. Description of the Proposal

In the following section, we explain the overall architecture of the proposal, although
this work will only focus on the communication layer.

3.3.1. Global Architecture

The overall architecture of the proposal is shown in Figure 5. The overall architecture
comprises four tiers. The sensing layer is responsible for gathering all the information
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around the car to obtain a detailed picture of all the elements in the driving environment
and to take the appropriate actions to ensure safe driving. The communication layer
is responsible for interaction with people with disabilities and other cars in the same
area through the 802.11p protocol. A series of messages are exchanged to identify the
presence of a disabled person and alert other cars of their presence. The intelligence
layer is responsible for processing the packets, performing the appropriate calculations to
determine the location and direction of movement of the disabled pedestrian, and choosing
the actions to maintain a safe mobility environment for the disabled pedestrian. Finally, the
interaction layer is responsible for selecting the appropriate interface to communicate the
actions to the pedestrian with a disability when crossing the same area.
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A relevant issue is information sharing privacy, a potentially sensitive topic. In this
case, the user can decide what information to share anonymously with the different nodes.
Only the strictly necessary information can be sent (location, address, and disability).

3.3.2. Message Format

Figure 6 shows the types of messages defined for the information exchange process.
For our proposal’s information exchange process, we defined two types of messages:
broadcast and notification. Broadcast messages are those broadcast by the D-VRU device
to the rest of the vehicles traveling in the environment of the disabled person. This type
of message informs the cars of the presence of a disabled person in the surrounding area.
The structure of the broadcast message comprises several fields, which are described in
general terms as follows. The ‘Node_ID’ field is used to specify the identifier of the device
sending the message. The ‘Msg_Type’ field specifies the type of message to be sent and can
take two values: Broadcast or Notice. The ‘Node’ field specifies the type of node sending
the message. The ‘Disab_type’ field is used to identify the D-VRU’s disability type, e.g.,
‘blindness’. Finally, the ‘Location’ field provides information on the coordinates of the
device’s location.

Notification messages are sent by the vehicle that has detected the D-VRU to the other
cars behind it to alert them to the presence of a person with a disability in the traffic area.
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4. Evaluation of the Proposal

To evaluate the proposal presented in this paper, we carried out a simulation test of
the model in which we analyzed the speed of movement of the vehicles and their reaction
to the reception of the messages sent by the D-VRUs to observe the response of the vehicles.

4.1. Global Evaluation Scenario

We selected an area in Colima where people with disabilities circulate. Figure 7 shows
the selected region map. The street, Motolinía, shown on the map, is commonly used by
people with different disabilities. The street leads to a disability association situated in the
same direction toward the city’s downtown area. However, the intersection of Pino Suarez
Avenue with Motolinía St. represents a challenge for disabled pedestrians due to the large
influx of vehicles such as motorcycles, metropolitan buses, and cars that use these streets
practically all day.
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4.2. Simulation Scenario Description

It is vital to use simulation tools widely accepted by the vehicular research community
to demonstrate the basic operation of the communication scheme we propose in this paper.
One of the most prominent vehicular simulators is Veins (Vehicles in Network Simulation),
which unites the OMNeT++ network simulator with the SUMO vehicular traffic framework
to provide realistic scenarios [73].

Veins can be defined in four building blocks: the simulation of network protocols, the
simulation of vehicular traffic, a bidirectional simulation of the previous blocks, and the
definition of a standard interface to control vehicles during simulation time.

4.2.1. Network Simulation

For the network simulation, authors of Veins use OMNeT++, which is a discrete
event-based simulator, along with the INET Framework [74], which provides modules
for Internet protocols such as TCP, UDP, and IPv4, among others. Moreover, the latter
framework allows modeling of mobile devices using wireless technologies such as IEEE
802.11 for connectivity. Integrating the two frameworks provides more accurate modeling
of interference and shadowing caused by static and moving obstacles.

Specifically, we used Instant Veins, a ready-to-run version of Veins implemented
in a virtual machine appliance for hypervisors such as Oracle VM VirtualBox, VMware
Workstation Player, or any other software that supports the Open Virtualization Format
(OVF). The appliance provides all the components needed to run simulations, including
the Veins framework, the INET framework for communication protocols, SimuLTE for
cellular communications support, Veins_INET for Veins-specific communication protocols,
OMNeT++ for the network simulation, and SUMO for traffic simulation. To import the
appliance into Oracle VM VirtualBox, we press the Import Virtual Appliance button and
select the downloaded Instant Veins image. We configured the virtual machine with 6 cores
and 12 GB of RAM for better performance.

4.2.2. Traffic Microsimulation

Veins use a microscopic modeling technique provided by the Eclipse SUMO (Simu-
lation of Urban Mobility) framework [75], which allows the import of real-world maps,
different types of intersections, such as right-of-way or traffic light signaling, and various
types of vehicles that can be configured according to a timetable to provide a more realistic
simulation. SUMO is a modeling framework for intermodal transport systems, where
elements such as road vehicles, public transport, and pedestrians can be simulated. In
addition, the framework has several features to implement activities such as route search,
visualization, network import, and even emissions calculation.

To run our simulation, we import a previously created map as described in Section 4.2.5
Scenario Map. The interaction between Veins and the traffic simulation is handled by the
SUMO daemon, a script that opens a TCP socket for bidirectional communication between
the traffic and network simulations, as described in Section 4.2.3 Bidirectional Coupled
Simulation. After initializing SUMO, the OMNeT++ IDE is used to import the Veins project
with the appropriate map and applications. We created an application specifically for the
vehicles and the D-VRUs as they have different behaviors. The applications are associated
with each node type in the omnetpp.ini configuration file.

4.2.3. Bidirectionally Coupled Simulation

Veins extends both frameworks, the network simulator OMNeT++ and the road
traffic simulator SUMO, with modules providing a bidirectional communication channel to
exchange commands and mobility traces via TCP connections. The message exchange is
seamless, introducing dynamicity to the simulation as both simulators are discrete. With
Veins, vehicles in SUMO are equipped with connectivity models provided by OMNeT++.
Furthermore, developing new custom-made applications for each transport vehicle or
pedestrian type with a device is possible.
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4.2.4. Common Interfaces

Finally, besides the coupled simulation that allows SUMO vehicles to communicate
with each other by using networking models, there is also a control interface called TraCI
that uses a command and response scheme via TCP connections. TraCI enables control of
the traffic dynamics during the simulation for vehicles, traffic lights, pedestrians, etc. By
using all the modules mentioned above, Veins can provide realistic models with communi-
cation capabilities for vehicular network research.

4.2.5. Scenario Map

We use the OpenStreetMap (OSM) [76] platform to export the portion of the map from
the city of Colima in México used in our study. We performed a series of tasks to adapt the
information obtained from OSM to enable its convenient use in the Veins simulator.

Firstly, it is required to translate the exported file from OSM to a format supported
by SUMO using the following command: netconvert --osm-files motolinia.osm.xml-o
motolinia.net.xml. OSM files use Geo-coordinates based on WGS84. Such coordinates are
translated to UTM for their use inside Veins.

We also need to create polygons that SUMO understands as transportation routes for
vehicles and pedestrians. We use sumo-gui to create polygons starting from the north side
of de los Maestros av. intersection with Centenario St. in Figure 7, extending toward Balvino
Dávalos St., a distance of approximately 700 m according to the map. The next polygon has
the same length and trajectory but in the opposite direction as the first one, which creates
a two-way avenue in SUMO. The last polygon encompasses a trajectory from Motolinía
St. and Daniel Larios St. to the intersection of Motolinía and Centenario streets with an
approximate distance of 210 m. This last polygon is defined as a pedestrian-only trajectory.

4.3. Simulation Parameters

A realistic simulation scenario for Veins was designed and implemented to validate our
proposed communication model between devices. Figure 8 shows such a scenario as a proof-
of-concept, where a node representing a D-VRU (node [0] in our simulation) is equipped
with an IEEE 802.11p-enabled device that periodically (each second) broadcasts a message
indicating the type of disability in a JSON-formatted message. Vehicles receive and process
these messages for decision-making and peer communication in their coverage area.

To prevent messages containing D-VRU information from propagating indefinitely
between vehicles, each message is configured with a maximum of four hops to reduce
the number of message exchanges, optimizing bandwidth and spectrum usage. Defining
mechanisms for message propagation that optimize the number of hops in more complex
scenarios is beyond the scope of this paper. However, future work will focus on investi-
gating optimal propagation mechanisms in scenarios with a high density of vehicles and
D-VRUs.

The avenue that D-VRUs have to transit carefully almost every day is a two-way
four-lane street generally used by vehicles daily. Once the different trajectory polygons are
defined, we create the vehicle and pedestrian objects for the simulation. In our scenario, we
specified eight cars. Four vehicles are spawned at the de los Maestros Av. and Centenario
St. intersection with 5 s intervals between them and moving at a maximum speed of 32 m
per second (m/s). The nodes are moving from north to south. The other four vehicles
spawn with the same trajectory, but on the opposite side, from south to north (from de los
Maestros Av. and Daniel Larios St. until they cross the intersection with Centenario Street).
Vehicles are also spawned at 5 s intervals. These intervals were defined so that the first
vehicle could detect the pedestrian’s transmissions to set a flag as the lead vehicle. The
lead car is responsible for transmitting messages about the pedestrian’s status to all other
vehicles. When the other cars receive such a message, they reduce their speed according to
the distance from the pedestrian to themselves. The first vehicles that reach the D-VRU
establish a suitable communication scheme between the car and the D-VRU by using the
most appropriate interface and then broadcast this agreement to neighboring vehicles,
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which in turn, when receiving the message, start to reduce their speed to allow the D-VRU
to cross the street safely.
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Lastly, the pedestrian is spawned at the start of the simulation, moving with an
average speed of 2 m/s from the Motolinía St. and Daniel Larios St. intersection, traveling
toward the Motolinía St. and Centenario St. intersection. From the moment the pedestrian is
spawned, it sends broadcast status messages every two seconds. The maximum vehicle and
pedestrian speeds and simulation time are the SUMO default values. The distance of the
road trajectory was obtained by measuring intersections from OpenStreetMap information
and the number of lanes from the avenue. The values for antenna type, transmit power,
MAC layer, and packet size are also the Veins default values. In SUMO, the maximum
speed for pedestrians is set to 1.39 m/s or 5 km/h as a default [72]. In [77], the authors
explain that the movement speed of a disabled person ranges between 3.02 ft/s and 3.8 ft/s
(equivalent to 0.92 m/s and 1.15 m/s). To simulate the disabled person’s displacement, we
changed the displacement speed to 1 m/s. In our simulation, we increased this speed to
observe the reaction time from the vehicles when the pedestrian moves at higher speeds
than usual.

In the simulation, the D-VRU uses the service channel available in IEEE 802.11p to
transmit messages to nearby vehicles. Whenever neighboring vehicles receive a message,
they compute the distance between the D-VRU and themselves using the coordinates in the



Electronics 2023, 12, 3587 13 of 19

message. Based on the distance between both cars, the receiving vehicle starts to decrease
its speed until it completely stops, allowing for the exchange of information between the
D-VRU and the car so that agreement on the D-VRU’s intention can be established. The
D-VRU’s intention identification process is part of the overall proposal, which essentially
consists of communication between the VRU and the ASC using hand gestures; nonetheless,
its inclusion is beyond the scope of the present work.

It should be noted that all vehicles are configured to stop at the intersection where
the D-VRU is located, but only the first one to arrive communicates through other types of
interfaces with the D-VRU. Whenever an agreement is reached, this vehicle broadcasts this
agreement to neighboring vehicles so that they know what actions the D-VRU intends to
perform. Table 2 shows the simulation parameters.

Table 2. Summary of simulation parameters.

Parameter Value

Number of vehicles 8
Number of pedestrians 1

Maximum vehicle speed 32 m/s
Maximum pedestrian speed 2 m/s

Simulation time 200 s
Distance of road trajectory 700 m

Number of road lanes 4 (2 in each direction)
Antenna type Omnidirectional

Transmission power 15 dbm
MAC layer 802.11p
Packet size 1400 bytes

Detection and Stopping Algorithm

We implemented a simple algorithm to manage vehicle speeds based on the current
distance between the vehicle and the pedestrian. As mentioned, pedestrians broadcast
messages every second indicating their current position, trajectory, and speed. When a
vehicle receives such a message, it must determine if it is the leading vehicle, meaning
that it is the first that receives the message from the pedestrian and that it has not received
notification messages from other vehicles. If it is the leading vehicle, it starts to send
notification messages to other vehicles indicating the presence of a pedestrian. When
otherwise, the vehicle continues to receive status messages from the leading vehicle to
compute the distance as a straight line between this vehicle and the pedestrian. Supposing
the distance is less than 100 m in our simulation scenario (the minimum distance for the
vehicle to stop completely), the vehicle starts to decrease its speed to stop at a safe distance
from the pedestrian. We know this approach is unsuitable for every scenario, but it allows
us to simplify the implementation while proving our algorithm’s correctness. Once all
vehicles correctly identify the pedestrian and slowly decrease their speed, the leading
vehicle and the disabled pedestrian exchange messages using an appropriate interface
dependent on the disability so they both can make decisions about the pedestrian crossing
or staying at the edge of the intersection. In our simulation, the pedestrian always crosses
the intersection. Therefore, vehicles from both trajectories are commanded to stop at the
corner, at a safe distance from the pedestrian, until the pedestrian crosses entirely.

While the vehicles wait for the pedestrian to cross the intersection, the lead vehicle
continues to compute the distance to the pedestrian. When this distance increases, the
pedestrian is safe from the vehicle, and the latter can start increasing its speed. Although the
leading vehicle shares the information about the D-VRU, each vehicle uses the calculated
distance to decide whether to start driving, and to increase or reduce speed. In our
simulation, we use a threshold from 5 to 10 m for the car to start moving again.
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5. Results and Discussion

The main goal of our research is to provide a framework in which autonomous vehicles
can use wireless and machine learning technologies to improve the driving experience. In
this first approach, the speed of the pedestrian is not directly related to the outcome of the
simulations, but rather provides the basis for the feasibility of our research.

The results shown in Figure 9 correspond to the speed of all vehicles in the simulation.
N0 represents the D-VRU in the simulation, so it has a constant speed of 2 m/s until
it stops at the intersection, which is at 51 s in the simulation. The time that N0 spends
at the intersection is used to communicate its intentions to the vehicles using the most
appropriate interface. Note that the broadcast message sent by the D-VRU indicates
the type of disability/condition with which the person has been diagnosed. Note that
communication by means other than IEEE802.11p is not possible in Veins. Therefore, we
have only focused on the wireless communication part of the simulation. The D-VRU starts
moving again at 2 m/s at the 56 s mark.
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As mentioned above, vehicles are configured to spawn every five seconds. When
vehicles receive messages from the D-VRU or the lead vehicle or platoon, they reduce their
speed according to their distance from the D-VRU. The graph in Figure 9 strongly suggests
that vehicles reduce their speed at second 51 and begin to accelerate at second 58 after the
D-VRU has crossed the intersection. Note that vehicle N2 decreases its speed at the 18 s
mark, but increases its speed after the 21 s mark. This is because the distance calculation
between the vehicle and the D-VRU increases as the vehicle approaches the intersection.
Therefore, the provided algorithm determines that the D-VRU is moving away from the
vehicle and does not pose a threat.

The simulation model is a work in progress. Future simulations will include more
signaling for better decision-making. However, based on our preliminary results, we can
conclude that it is feasible to equip a D-VRU with an IEEE 802.11p-based device to give
them confidence in their daily mobility routines, allowing them to safely move around the
city, crossing avenues with high and moderate traffic. Furthermore, according to Minhas,
et al. [78], human drivers take an average of 3.15 s to put their hands back on the steering
wheel when a vehicle is self-driving and the driver is distracted, and an average of 2.47 s to
put their feet on the pedals. We believe that using the mechanisms defined in this paper can
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significantly reduce this time, as the system’s reaction time is negligible when compared
with human drivers.

6. Conclusions

In this paper, we integrate assistive technology into a road environment. The goal
is to improve the functional capabilities of people with special needs moving in such an
environment. The proposal consists of a communication mechanism between people with
special needs and self-driving cars. A message exchange process, considering the privacy
of the information, allows the detection of the presence of a person with a disability and
the identification of his or her type of disability.

The results obtained through simulation showed the capabilities of the proposal in
detecting the person with a disability and locating him/her in the road environment. The
location of the pedestrian was performed almost in real-time, with a difference of 50 ms,
and a detection accuracy of 100% was achieved.

In future work, this information will be integrated into a more sophisticated system
based on deep learning to complement its operation and achieve an interaction between
the self-driving car and the disabled pedestrian that allows the car to identify the intentions
of the disabled pedestrian using hand gesture signals. By identifying the pedestrian’s
intentions, the self-driving car will be able to communicate the actions to be taken through
the interface that best suits the limitations of the disabled pedestrian.

It is worth noting that this proposal could be implemented in road infrastructure, such
as traffic lights. In this way, it could identify people with disabilities in the environment,
adapt the sequence of lights according to their needs, and communicate with disabled
pedestrians through displays or sounds.
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