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Abstract— This work aims to investigate the effect of driver response to relayed messages through Human Machine Interface (HMI) on
the effectiveness of Human-Vehicle Interface (HVI) and to enable the optimized design of HMI. The investigation and mathematical
modeling cover vehicles with Advanced Vehicle Assistant System (ADAS), which operates using Advanced Vehicle Control System
(AVCS). The presented model uses driver response time and machine (electronics, sensors, processors) processing time to measure
vehicular efficiency and driver interaction, which is also a function of the HMI design, and the way messages are passed to the driver.
The produced model uses a probability function that can be used in the design and testing process to assess the effect of failure on the
designed interface and relates the function to the driver's response time ratio and the vehicle electronics' processing time. The presented
work concluded that as the driver response time increases, effective interaction decreases as a probability function. Also, as the driver
response time deviates from the specified threshold, the effective interaction decreases, which also applies to the processing time. In
addition, as the time ratio between the driver responses to the machine processing (Time Ratio) increases, the effective interaction
parameter (R) value decreases. The work also proved that a more adaptive model is possible using a probability function correlated to
the response time ratio to processing time.
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the driver, cause most road accidents. A driver's poor
decision, an incorrect assessment of the situation, or a lack of

I. INTRODUCTION

Many vehicle accidents result from human errors divided consideration are the main causes of vehicular accidents, in
into recognition, response, reaction, and decision errors. Over addition to the insufficient technical state of a particular
the past 20 years, road vehicle technology has revolutionized vehicle, due to the owner not carrying out scheduled
thanks to electronics technology advancements incorporated maintenance for the vehicle. If the driver is in a poor physical
into the automotive sector. Over 100 microsystems in modern or mental state, such as tired or otherwise unfit, the likelihood
and advanced vehicles serve the driver by assisting with of making poor decisions increases [1]-[5].
operation, comfort, and safety. Most of the wvehicle's Technical solutions are available to warn the driver of late
operations are controlled by electronics, and efforts are being recognition in cases of losing vehicle stability, unintentional
made to coordinate vehicle- to vehicle (V2V) and V2I lane departure, or pileups occurring from behind. If this is
(vehicle-to-infrastructure) information sharing. insufficient, assistance systems automatically intervene in the

The motivation behind vehicular development and its management of the vehicle, greatly reducing the severity of
automated assistance systems is to reduce accident frequency the accident's effects. A last-second emergency stop could be
and severity, energy conservation, and dangerous exhaust used as an intervention, greatly reducing the vehicle's kinetic
emission reduction with the advancement of technology and energy before impact. Driver assistance systems may also
the implementation of sensors in vehicles, and the make up for any potential driver errors in judgment [6]—[8].
development of Advanced Driver Assistance Systems Highly automated driving systems will promote
(ADAS) that relies on Advance Vehicle Control Systems sustainable and safe mobility by relieving drivers of stressful
(AVCS) and the importance of interaction with the driver. or distracting activities. The complexity of modern road

Electronic ~ networked  driver assistance  systems vehicles already prevents some driver segments from utilizing

significantly improve road safety, as human factors, mainly
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new driver-aid systems. New ADAS features must be
integrated into driver education programs so that they are
understood and get accustomed to by drivers. The application
should be very simple and seamless to encourage such
functions.

Driver overload or underload conditions are two examples
of traffic situations where drivers particularly need assistance.
Driver stress may cause a decline in performance when the
driver is required to complete several activities at once while
also paying attention to other vehicles (such as in demanding
scenarios like turning at junctions or driving in the congested
lanes of construction zones). Driver underload occurs when
very few impulses reach the driver during repetitive driving,
which causes drowsiness (such as in boring situations like
traffic jams or long-distance driving). In normal driving
situations, the driver is engaged in enough driving to keep him
alert and focused but not enough to get confused or
disoriented [9], [10].

Informing drivers about potentially harmful scenarios is the
first step in helping them drive safely. The motorist is only
given a warning at this point, with no additional assistance or
involvement. The decision to act after receiving the warning
is entirely up to the driver. The second degree of assistance
goes beyond simple warnings and helps the driver by showing
him how to operate the vehicle safely in potentially dangerous
circumstances. This level presupposes that the driver is aware
of the potentially dangerous situation (warning), and
additional guidance is given to the driver, pointing him toward
the appropriate action.

Automated vehicle control intervention is the final level of
driver assistance. There are classifications for semi-automatic
and highly automated driving, depending on the intervention
degree. While the vehicle's longitudinal movement is
controlled automatically during semi-automated driving,
longitudinal and lateral movement are controlled
automatically during highly automated driving [11], [12].

Advanced Driver Assistance Systems (ADAS) and
Vehicular Information Systems are only two examples of the
many new in-vehicle technologies available today.
Additionally, the use of portable computer devices inside
vehicles is growing quickly. These new technologies have
enormous potential to improve life, work quality, and road
safety, for example, by giving in-vehicle access to cutting-
edge communication and information sources. However,
unforeseen behavioral responses to the technology, such as
system over-reliance and safety margin compensation, may
dramatically reduce or even cancel the safety gains of ADAS.

Engineers and researchers have designed human-machine
interfaces (HMIs) for many years to ensure and improve the
optimum interaction between drivers of conventional vehicles
and their vehicles. The creation of concepts for human-
machine interaction had to take a user-centered approach. The
main components of an automotive HMI are output channels,
which inform the driver about the system's status through
displays, and auditory and haptic messaging [13], [14].

A critical aspect of vehicle safety is Human-Machine
Interface (HMI). HMI acts as a mediator between the driver
and the rest of the vehicle dynamics in terms of carrying out
decisions made by the driver as a result of messages relayed
to the driver through it.
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The human-machine interfaces specify the bidirectional
link between the driver and the vehicle. Good HMI device
design is a difficult engineering endeavor. The development
of an interface that is easy to use, intuitive, and ergonomic
requires extensive knowledge [15],[16], [17]. Designing HMI
should be based on the following requirements:

« Ability to read displayed messages easily.
« Clarity of displayed messages.
« Ease of access and use of vehicular functions.

The requirements listed above are intended to improve
traffic safety. These arguments support the idea that the driver
should not be distracted by the vehicle's handling.

HMI design and message delivery implementation can
affect driver response and could lead to driver distraction [18],
[19], [20]. Accidents can also occur as a combination of driver
and HMI errors, which could be a result of:

e Message processing delay

o Message display delay
 Incorrect data delivery

o Out-of-order message delivery

Thus, driver interaction can be affected by the design and
means of message delivery and by the driver's mental and
psychological condition, physical condition, exhaustion, and
fatigue.

Optimized HMI, together with AVCS, can provide drivers
with an interactive, proactive system that supports their
decisions by informing them, advising them of the best course
of action to be taken, and under critical conditions to act on
behalf of the driver to avoid traffic incidents and fatal
accidents [21], [22], [23].

Implantation of HMI interacting with AVCS in the form of
ADAS should be a help, not a hindrance to the driver, as in
distracting or disturbing the driver from carrying out proper
driving, and not be very complex in its interface. Hence, the
driver finds it difficult to understand and use.

Thus, the design of HMI needs to facilitate readability and
orderly delivery of messages to the driver with the driver's
ability to respond and react to such delivered messages with
the best decision based on provided data. Hence, human
factors must align with machine parameters to enable the safe
driving of today's advanced vehicles [24], [25].

Cooperation between humans and vehicles is necessary for
automation to operate correctly. If the partnership functions
as intended, the human driver may give up some. In that case,
all, or even some portion of control of the vehicle, may
similarly need human takeover in the event of failure or
system awareness that it cannot handle the situation at hand
or one that is about to arise. Alternatively, the vehicle can
agree to the human's request to take control [26], [27].

HMI cannot be viewed solely as a collection of audiovisual
displays communicating data and settings back and forth. It
also covers the vehicle's controls because they serve as
conduits for driver feedback and human input into the
vehicular environment.

Feedback may include not only the conventional feel of the
vehicular controlling techniques, such as the steering wheel,
but also the vehicle's dynamics about a particular environment
and extra haptic aspects, such as resistance, pulses, vibrations,
and physical assistance. In this context, the term HMI will
broadly refer to all explicit and implicit communication
between a human operator and a vehicle [28], [29].



Drivers of vehicles with automatic features may be
unaware of the limitations of these systems. Because these
functions change over time, there is a vital necessity for the
HMI to assist humans in understanding their capabilities.
According to the HMI, humans must be made aware of what
is expected of them regarding active participation and
monitoring. Such comprehension is necessary for well-
calibrated trust and safe and comfortable functioning. False
expectations about what the human will notice on the part of
the system, as well as an overreliance on system capabilities
on the part of the human, could result from a vehicle and
human's miscommunication about what the other party will
do [30], [31]. With these automatic features, the vehicle and
the driver can be considered a single cognitive system that
must work together to provide safe and comfortable driving.
This work presents mathematical modeling of the interaction
between the driver and the provided vehicular interface and
its effect on the effective use of such advanced designs in
ADAS and AVCS-based vehicles. The work models driver
response time and processing time as the parameters for
assisted driving. This work aims to support more optimized
driver-vehicle interactive designs through HMI by
considering human and processing variables. This will
correlate the human factor to sensors, electronics, and
processing technologies used in the HMI, thus contributing
towards safer and more comfortable driving [32], [33].

II. MATERIALS AND METHOD

The structure and dynamics of a person's personality,
experience and competence, age, gender, sociodemographic
traits, health-threatening habits, exhaustion, illness, and other
factors all impact how they behave in traffic. The capacity of
the sensory organs, mental abilities, and psychomotor abilities
are those of a person as a participant in traffic and as a factor
in traffic safety. Human ability disparities can be seen in how
quickly people react to danger, perceive it, and how well they
can get beyond it. The person's psychophysical capacities, the
vehicle's technical qualities, the road's characteristics, and the
local environment must all be in harmony for safe traffic
operation [34], [35].

Both predictable and unforeseen elements (incentives) that
influence drivers' behavior can be found in the traffic
environment. The most hazardous factors for traffic safety are
unpredictable and have no clear classification. The man
responds to danger using his psychophysical, uniquely human
abilities, including perception, comprehension, reasoning,
response, and reaction [36], [37].

Information is accepted and used as a basis for an event's
experience in the human body. Environmental events that
happen suddenly and unforeseen call for swift response and
resolution. When a problem is resolved correctly and on time,
it can be safely resolved, but when a problem is solved
incorrectly and late, it can immediately become dangerous for
traffic. The essence and seriousness of the event's course and
duration are determined by how quickly it occurs and how
long it lasts [38].

Both the subjective traits of the driver and the conditions
of the objective environment affect the driver's response time.
This is the time it takes for the driver to recognize the threat
and decide whether to halt the vehicle or veer right or left.
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Receiving, analyzing, and coming to judgments regarding
forced information is the process of perception.

A driver's awareness is a crucial aspect that needs to be
constantly evaluated. On highways, drowsy driving can result
in several accidents and incidents that can cost lives, money,
and even physical harm. Additionally, slower decision-
making due to the drivers' greater reaction times can lead to a
collision or a traffic accident. The average reaction time value
is crucial in actual practice since it serves as a standard in
many transportation calculations, such as accident reports
when forensic experts reconstruct the sequence of a traffic
collision [39], [40].

When a crash occurs at a fast speed, there is a considerable
danger of fatalities or serious injuries. To design a vehicle that
ensures the highest degree of road user safety, for example, or
to develop new autonomous systems, it is required to assume
the proper level of the driver's reaction time. The safety
distance between the vehicles should also be explained using
this figure for instructional purposes. Additionally, the
theoretical level of reaction time should be used, whether
planning the flow of traffic, placing variable traffic signs, or
simulating various traffic circumstances.

Driver response time often refers to how long it takes a
driver to react after receiving an emergency signal because of
their functional limitations. The motorist does not consider
the need to take appropriate steps until after making a
judgment, at which point they begin. While operating a
vehicle, drivers experience various emotions, and their
reactions to unexpected situations vary.

The most frequent distractions are talking to fellow
passengers, managing the behavior of traveling children and
animals, using a cell phone, and using automobile electronics,
including the radio, air conditioning, and navigation systems.
Other affecters, such as hand, fatigue, stress, alcoholism, drug
use, illness, or malaise, can all considerably lengthen reaction
times and cause accidents.

Applying ecological principles when creating an HMI is
important. The intention is to avoid Regarding potential
progression to higher cognitive control, i.e., to keep the
person at their talents and location necessary, the levels of the
rules, and to prevent the slower and less efficient knowledge
that may be more dangerous.

The mentioned components, essential for automated HMI
design vehicles, are each covered in this study independently.
Give the necessary knowledge about the automated vehicle's
capabilities to enable the following:

e Minimizing driving mode errors.

« Establishing the proper trust calibration.

o Encouraging the right amount of attention and action.

e Minimizing automation surprises.

e Provision of comfort to humans
uncertainty and stress.

After discussing these requirements, a simplified model of the
impact of these items is presented, together with implications
for HMI design.

The main considered parameters
mathematical model are:

e Response time (Thuman): The needed time for a driver to
notice that an action is required is when a message is
relayed to the driver and made clear to the time the
driver realizes that an action must be taken. The driver

by reducing

in the presented



response time is a function of the mental status of the

driver, age, experience, physical health, road
conditions, weather, and Human Machine Interface
(HMI) design.

Processing time for the vehicle (sensors and hardware)
(Trmachine), Which is the time taken to process a message
inside a vehicle received through the onboard unit
(OBUL).

Based on the previous assumptions, a mathematical model
is constructed. Such a model will show the human element's
contribution to affecting the AVCS system's performance in
the vehicular environment.

The presented effectiveness model is important to assist in
designing and characterizing the different vehicular systems
and establishing confidence levels in their mechatronic
systems as well as the driver-vehicle interface design, as this
determination is a key to driver safety, mobility, vehicle
reliability, and comfort. Also, many accidents can be avoided
if a reliable vehicular management system is used to
overcome human driver limitations.

The effect of human time on actions taken by the AVCS
system can be represented in equation (1).

Thuman = (Tperception + Treaction)
= (2 * Tresponse)

*

1+ exp — (Tresponse threshold ~— )

The effect of machine time on actions taken by the AVCS
system can be represented in equation (2).

T,

response

Thachine = (T(sender) + T(receiver))
= (21

processing
1 2)

1+exp— (Tp Tprocessing)

Equations (1) to (2) include the squashing sigmoid
function, an intelligent control function. It also acts as a
comparator enabling critical decision-making. In addition, it
is used to enhance HMI design by substituting different values
for the Thuman interface and Tmachine Using experimental and
simulated values to achieve optimum response times that
contribute to higher reliability, safety, and better usability.

Also, as vehicular design and technology advance with
different materials, sensors, electronics, and higher
communication bandwidths with faster transfer rates,
different values for the Thuman threshold and Tprocessing
threshold can be tested using sigmoid functions. Such testing
can be tied with HMI designs and driver responses, leading to
different usability values correlated to advances in vehicular
communication technologies. In addition, the control
dynamics were achieved using the sigmoid function under
different scenarios and conditions. The previous is critical,
especially when considering other parameters, such as driver
age, driving experience, and driving conditions under which
drivers must interact with the vehicle interface.

The relative effect of human interaction over machines is
represented in equation (3).

Substituting equations (1) and (2) into equation (3) results
in equation (4).

rocessing threshold ~—

Tmachine

R=(
Thuman + Tmachine

€)

1
2T, i
o ( processmg) (1 + exp — (ATprocessing)> @)
(ZTres onse) ! + (ZT rocessin ) !
P 1+ exp — (ATresponse) P g 1+ exp — (ATprocessing)
Where: Dividing by a results in equation (7).
Tresponse and  Tprocessing  threshold: Maximum safety human 1
response and electronic machine interface times. R = ( ) (7
Equation (4) can be represented as in equation (5). 1+
K is given by equation (8
R = ( (ZTprocessinch) ) (5) £ vl ( ;
= 0
(ZTresponseG)) + (ZTprocessinch) K = (—) <M> (®)
. . . . P Tprocessing
Equation (5) can be rewritten as in equation (6).
From equations (1) and (2), equation (8) becomes
R = ( a ) (6) (6) equation (9)
a+pf

(1 +exp — (Tprocessing threshold ~—

K =
(1 +exp — (Tresponse threshold ~—

Tprocessing)) TTESponse
Ty rocesst )
Tresponse )) processing
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Equation (9) can be rewritten as in equation (10).

(1 +exp — (ATprocessing)) ( Tresponse ) (10)
(1 +exp — (ATTESpoTlSE)) Tprocessing

Three distinct cases can be realized in equation (10):

1. ATprocessing= 0 = Equation (10) becomes equation

(11).

2 Tresponse
K =

(11)
(1 + exp — (ATresponse)) Tprocessing)

2. ATreponse = 0 =» Equation (10) becomes equation
(12).

(1 +exp — (ATpTOCESSiTlg))
2

*< Tresponse )

Tprocessing

3. ATprocessing= 0 and AT esponse = 0 =P Equation (10)
becomes equation (13).

_ ( Tresponse )
K=\ —
processing

The assumption that the difference in response and
processing times and threshold times could reach large values
is rare. It will mean that there is a major human problem and
a technical issue, which statistically has a very small
probability of occurring using the AVCS system.

When k<1, there is a major technical problem with the
vehicle sensors, as the processing time is too large (driver
response time cannot be less than processing time). When >
1, a human response issue needs handling. Also, «#1, as driver
time, cannot equal processing time.

Predicting usability values as part of an intelligent
algorithm involves using probability parameters. This will
enable decision-making based on expected values to take
action and allow technical issues to be considered, thus
avoiding traffic problems. So, equation (7) becomes equation

(14).
R = ((1 - Pfailure))
1+k

K=

(12)

(13)

(14)

Substituting equation (10) into equation (14) results in
equation (15).

(1 - Pfailure)

fe (15)
- ((1 + exp — (ATpracessing))>( Tresponse )

processing

(1 + exp — (ATrespanSe)) h

At A 7:t)rt)cessing = 0 and A Tresponse = 0, and Ppmcessingfai/ure: 0 9
Equation (15) becomes equation (16).
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1

_ 16)
Tresponse (

1 (rieepomse )

processing

Equation (15) can be represented as in equation (17).

(1 - Pfailure)
14 ((1 + /D)( Tresponse )
1+ w) Tprocessing
At the limit of 0, for both A and ®, equation (17) will reduce
to equation (16). This is due to the zero probability of failure.
On the other hand, if both A and ® approach 1, then usability
in equation (17) approaches zero, as the probability of failure
becomes very high. If either A or ® is zero, then usability will
be at half its maximum value. Equations (16) and (17) show
that usability decreases as the probability of processing failure

or response failure increases.
Equation (17) can be simplified as in equation (18).

(17)

(1 - Pfailure)
- (q) (TTTESponse ))
processing
Equation (18) can be represented as in equation (19).

R = ( (1 - Pfailure) )
1+ ((p(TimeRatio))

Equation (19) analyses effective driver interaction with
driven vehicles through HMI.

R =

(18)

(19)

III. RESULTS AND DISCUSSION

Figures 1 to 6 Show the effect of both probability of failure
as the independent variable and the effect of variation of
driver response time and machine processing time on
effective interaction between the driver and the vehicle. From
the figures, it is evident that the response time ratio
( TTESPOTLSE

Tprocesssing

driver interaction will decrease as a function of how far each
time is from the threshold, specified as the maximum allowed
time beyond which a human (driver) or machine (vehicle)
problem will be assumed. The plots also show that as ¢
increases, the interaction effectiveness (R) decreases. In
addition, as expected, the probability of failure increases, and
the effective interaction between the driver and the vehicle
decreases.

The previous indicative of two issues:

1. The human factor that affects effective interaction due to
human distraction and the mental and physical status of
the driver.

2. The electronic design and the design of the HMI also can
affect interaction as a result of either wrong message
display order, electronic and sensor failure, or processing
time delay.

Increases, the effectiveness of the HMI and
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Fig. 6 Effective driver interaction as a function of time ratio-discrete
probability.

Equation (20) presents the simulation fitting for equation
(19).
R = w(Timegqei, ")
For ¢ = {0.01,0.1,1}, P = {0, 0.4,0.8}

0l<w<1
—-0.04<n<-08

(20)

The probability of failure can be correlated to the driver
response time and machine processing time, as in equation

(2.
(1 - (exp(_TimeRatio)))
1+ ((p(TimeRatio))

Figure 7 shows a plot for equation (21) represents
correlated probability to (

21)

T . .
PO ) .This enables adaptive
processsing

HMI design that considers human and machine responses and
computes the probability based on such critical parameters.
From the plot and equations (21) to (23), it is evident that the
highest interactive effectiveness is for ¢ "1. This is a criterion
for design; the driver response time should always be much
less than the specified threshold. The processing should be
kept lower than the threshold, with their ratio always less than
1; otherwise, action needs to be taken by the vehicle control
system through AVCS.
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Fig. 7 Effective driver interaction as a function of time ratio.

R = w(Timegqeio")
For ¢ = {0.01,0.1}

(22)
08<w<1
—-0.06<n<-0.2
R = w(Timegqe;p ")
For ¢ = {1,10}
(23)

01<w<05
—-0.07<n<-09



IV. CONCLUSION

In this work, an investigation through mathematical
modeling of the parameters affecting safety in driving is
carried out. The work presented a parameter (R) that
computes effective driver interaction with the vehicle through
HMI. The presented mathematical model includes both
human and machine times in the computation, with discrete
and correlated probability functions to enable better vehicular
HMI design that considers both distracting human factors and
electronics and sensors detection and processing problems.
The work can be further developed by including detailed time
components and using higher probability functions.
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