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Abstract

Modern vehicles are equipped with a wide range of functions to improve driving safety and the comfort of drivers
and passengers alike. To operate the vehicle’s functions, different types of human-machine interfaces (HMI) are
used. In the past, physical controls, i.e., buttons and knobs have been employed to operate the vehicle’s functions.
Nowadays, these have been largely replaced by central touchscreens that offer a rich graphical interface and allow
for the operation of many of the vehicle’s functions. However, due to their visual nature and reliance on precise
manual input with a lack of tactility, they are rather distracting while driving. To mitigate this issue, many
manufacturers include speech-based interfaces in their vehicles to omit visual-manual distraction.

When implementing a function in a vehicle, two aspects must be considered: The task of the function itself and the
type of HMI(s) used for its operation. The function tasks vary in their complexity and proximity to the driving task.
The more a function is needed for safe driving, the more important optimal operability becomes, i.e., operation should
be fast, be little prone to errors and lead to little distraction. Technically, any of the three types of interfaces can be
used to operate a function: physical controls, touch-based, and speech-based interfaces. However, depending on
the characteristics of a function, some types of HMI types may be better suited than others. Beyond assigning a
function to a type of HMI, the quality of the implementation must be considered. Each HMI type has a high degree
of freedom, for example, touchscreens differ in their size, position, and software design. The literature on
implementation quality is rather fragmented, unspecific, and largely focuses on visual-manual interfaces (physical
controls and touch-based interfaces) with speech-based interfaces missing. The aim of this project was to develop
an HMI checklist evaluating important design aspects of each HMI type regarding possible distraction from driving,
thus enabling an overall assessment of the implementation quality of a function.

The HMI checklist consists of two modules (shared and function-specific HMI features) and contains 51 items. On a
general level, the use context of the function is specified and the suitable HMI types for its operation are derived. If
the actual HMI types are appropriate, the implementation quality within each HMI type is assessed with the
corresponding items. Each item refers to a design aspect that must be fulfilled for a good implementation quality. To
this end, the items contain an explanation, testing procedure, and a five-point rating scale. After assessing all items,
a sum score can be calculated, where higher sums indicate a larger deviation from the ideal implementation.

A key part of the checklist's development was the empirical validation of the design aspects across the three HMI
types. For the validation, two operation tasks (simple and complex) were incorporated in a generic interface for each
HMI type (physical controls, touch-based, and speech-based). Driving performance was measured via the Lane
Change Task. Reference driving performance was set with the interface’s reference version (RV) where all design
aspects were implemented optimally. To determine the impact of a design aspect, it was violated in the interface
and the effect on driving performance was compared to the RV.

For a general overview, the driving performance of the RV was compared across HMI types and both tasks (simple
and complex). For the simple task, physical controls and speech-based operation led to the best driving
performance. For the complex task, speech-based operation was best. Regarding implementation quality, the most
important design aspects for physical controls are those affecting manual effort. Ideally, the control elements should
require little effort by incorporating shallow travel distances, a high mechanical integrity, and by placing them close
to the driver. For touch-based interfaces, the overall interaction effort should be kept minimal. To achieve this,
tapping instead of sliding should be used and buttons should be aligned (e.g., in a geometrical grid) and be of
appropriate size. Also, extra operation steps should be avoided to reduce the likelihood of errors. For speech-based
interfaces, to keep distraction low, the interaction should not fall back to other HMI modalities. Also, the speech
recognition should be reliable and not introduce errors that need to be corrected.

The HMI checklist focusses on the principle of implementation quality by highlighting the individual impact of the
design aspects regarding low-distraction function operation. Future research could expand this by incorporating
medium-complex function tasks, different driving situations, and varying levels of implementation quality instead of
a best- and worst-case implementation.



In-Vehicle Human-Machine
Interfaces: Checklist for
Assessing Distraction and
Operation Safety

1 Introduction

The automotive industry is a high-paced environment regarding its technological advancements. At first sight, this
usually concerns the driving capabilities of vehicles to either enhance the driving experience itself or to optimize the
vehicle’s handling across different environments. More importantly, however, the implementation of technologies is
often aimed at improving safety (e.g., by using anti-lock braking or electronic stability control). Nowadays, vehicles
are highly computerized and use sensors that enable them to analyze their environment and perform driving
maneuvers on their own (Ahmed et al., 2022). Thus, most production cars are equipped with advanced driver
assistance systems, such as adaptive cruise control, lane keeping assistance, or automatic emergency braking. In
the future, the aim is to offer self-driving capabilities so that a human driver is no longer needed (Society of
Automotive Engineers, 2021).

For the foreseeable time, however, a driver will still be necessary for safe vehicle operation. Beyond the core driving
task, the driver is responsible for managing essential safety functions such as headlights or windscreen wipers.
While these safety-critical operations remain central, vehicles also employ a vast array of non-safety features
designed to improve comfort of drivers and passengers alike. These comfort-oriented functions can potentially
compromise driving safety depending on their implementation in the vehicle cockpit (e.g., Dingus et al., 2016).

To interact with the vehicle and its functions, in-vehicle human-machine interfaces (HMIs) are used. Like the driving
capabilities, HMIs underwent a technological evolution (Meixner & Miuller, 2017). The first HMIs were purely
mechanical and only displayed driving-related information — typical examples are the speedometer and tachometer.
Then, entertainment options were implemented, which started as simple radios and evolved into infotainment
systems. Accordingly, the amount of information presented to the driver increased steadily. Modern HMIs still display
driving- and vehicle-related information but are accompanied by driver assistance systems, navigation, and
entertainment options. For a long time, buttons and knobs placed in the center console were used to control the
vehicle’s functions. Over the past decade, however, many of these mechanical input devices have been replaced
by a central touchscreen with a rich graphical user interface.

The central touchscreen can be characterized as a rather complex HMI that is the result of two opposing trends. On
the one hand, the amount of vehicle functions increased, while at the same time the number of dedicated devices
to control them decreased. Thus, to reach a given function, drivers usually must pass through multiple menu layers
and perform high-effort interaction gestures that go beyond a simple tap. For increased access, manufacturers might
put an array of functions on a single screen to avoid having to go through many menus. But this solution imposes
its own challenges as users now must visually search through the small elements on the screen. This is known as



a depth and breadth trade-off (Nicolas et al., 2024), representing just one challenge when designing the central
touchscreen’s interface.

Due to their visual nature and high interaction requirements, the switch from physical controls to a central
touchscreen is a severe safety risk. Drivers need to look away from the road for extended periods of time (Grahn &
Kujala, 2020). To reduce or even eliminate visual distraction, while still allowing access to complex functions,
manufacturers increasingly incorporate speech-based interfaces as an additional input method. Although they
mostly omit visual distraction, a speech-based interface may still lead to cognitive distraction which in turn can
negatively affect driving performance. However, the effects are less severe when compared to visual-manual
distraction (Zhang et al., 2023).

When implementing a function into the vehicle’s HMIs two main questions arise. First, in what way should a function
be implemented that ensures optimal interaction? Should the interaction happen via physical controls (e.g., buttons,
knobs), via a touchscreen, or a speech-based interface? Research suggests that some interface types are more
suitable for simple, single-step tasks, while others are better for more complex tasks with multiple steps. And
secondly, with choosing an interface type, what elements make the interface low-distraction and easy to use? Both
aspects (interface type choice and interface design elements) should be considered to minimize driver distraction.

The objective of this project was to develop a checklist that assesses whether a given function is safely implemented
regarding the choice of interface type, the design of interface elements, and the interaction during function operation.
The assessment tool includes criteria that are linked to low-distraction HMIs and that ensure safe function operation.
Furthermore, the use context of the function is determined and then used to point towards the optimal HMI type
(physical controls, touch-based, speech-based). The interface types and design criteria were subsequently validated
in a driving simulator experiment regarding driver distraction using two tasks of different complexity. The results
were used to validate and rank the design guidelines for low-distraction HMlIs.

This report summarizes the project results. Chapters 1 and 2 introduce the three HMI types — physical controls,
touch-based, and speech-based interfaces. Chapter 2 outlines their basic properties, interaction principles, and
distraction dynamics. Chapter 3 illustrates how the HMI types are used for operating functions in two different car
models. Chapter 4 reviews standards, guidelines, and research on HMI design with a special focus on driver
distraction. The findings of chapters 1 — 4 were used to derive HMI checklist. In chapter 5, the HMI checklist is
described in more detail, including its structure and application. Chapter 6 highlights the driving simulator experiment
used for validating the HMI checklist. In chapter 7, the results are described. On a general level, the effects of HMI
type and task complexity on driver distraction are outlined. Then, every design aspect per HMI type is analyzed.
Chapter 8 compares the HMI checklist with Euro NCAP’s General Vehicle Controls protocol that also assesses
vehicles’ HMI design. The final chapter 9 summarizes key project results and outlines further research.



2 Types of Human-Machine Interfaces

When the driver controls the movement of a vehicle, driving is considered the primary task. The operation of any
function not directly affecting the vehicle’s movement can therefore be classified as a secondary task (e.g., wiper
controls), or depending on the function, as a tertiary, non-driving-related task (e.g., switching to a different song;
Bubb et al., 2015). To ensure the primary task can be carried out in a satisfactory quality, the interaction with a
function must be low-distraction, i.e., easy to carry out, while also preventing operation errors. To achieve this,
different HMIs can be used that are best described by their modality. Modality refers to the sensory channel used
for the input and output between the driver and in-vehicle system (Karray et al., 2017).

Based on the idea of a main modality, the in-vehicle HMIs can be grouped into three different categories: physical
controls, touch-based interfaces, and speech-based interfaces. These will be described in more detail in the following
sections highlighting their main characteristics and the interaction process during function operation. For
understanding the basic distraction mechanism, Wickens’ (2002) Multiple Resource Theory will be applied. It
suggests that attentional resources are split between different processing stages (perception, cognition, response),
modalities (visual, auditory, tactile), and processing codes. When two tasks compete for the same resource, i.e.,
stage, modality, or code, performance decreases. Inversely, no interference occurs if two tasks use different
resources. For driving, the visual resource is used at the perceptional stage and the manual resource at the response
stage. If function operation competes for any of these resources, distraction will occur and driving performance
decreases.

2.1 Physical Controls

Physical controls (e.g., buttons, knobs) are characterized by their physical-haptic nature. All stages of the operation
(reaching the element, activating/adjusting the function, and if possible, even feeling the status of the function) can
ideally be achieved without looking at the control element. The interaction enables instant haptic feedback as the
movement of the control element itself can be felt. The elements are usually placed in various locations in the cockpit:
on the steering wheel, on the steering column, on the door, overhead, or on the instrument panel and center stack
(Ma et al., 2022; Robertson & Cox, 2024). But not only their placement is diverse, the elements themselves can take
many different forms: buttons, stalks, levers, rotary switches, joysticks, and more. The physical movements from the
driver are rather simplistic and come in the form of tapping, pushing, or turning and are usually done in a single,
continues movement.

From a function operation standpoint, there are two main problems with physical controls. First, they can only be
used to control a limited number of functions. In most cases, one element only controls a single function (e.g., one
button turns a single function like the rear defogger on or off). In other cases, multiple functions can be controlled
via e.g., a rotary switch (adjusting the audio volume via turning and muting via pressing) although the variety is still
limited when compared to a touch-based interface. Second, the process of controlling complex, multiple-step
functions is cumbersome (e.g., inserting a phone number or an address via a joystick). Nevertheless, the simplicity
of physical controls offers the benefit that the function and its operation can be easily understood. Additionally, the
function can be reached directly, i.e., it is not hidden in a menu.

The interaction with physical controls can be analyzed using Wickens’ (2002) Theory of Multiple Resources. The
main resources regarding driving (primary task) are the visual resource at the perceptual stage and the manual
resource at the response stage. For the visual-perceptual resource, two cases can apply when interacting with
physical controls: Firstly, and ideally, blind operation is possible as the driver has learned the position and operation
gestures of the function. In this case, only manual resources are needed, but no visual resources. Secondly, the
driver needs to look at the element so that visual resources are required. However, once the information is perceived,
no future glances are needed as the labeling will not change. Thus, both sufficient visual and manual resources
should be available to execute the driving task.



Exceptions to this are programmable buttons with an integrated display and elements that control visual elements
in a separate screen. In these cases, there will still be an increased visual demand. However, physical controls
should still offer a benefit over touchscreens with their sparse use of the manual response resource: A press of a
button or the turn of a knob with haptic feedback requires significantly less precision than a slide or zoom gesture
on a touchscreen. Furthermore, the position of physical controls is fixed in comparison to virtual input elements on
a touchscreen. As a result of the overall sparse use of resources, physical controls only cause small interferences
with the driving task and are ideal for simple function operation tasks (Ma et al., 2022).

2.2 Touch-Based Interfaces

Touch-based interfaces (e.g., central touchscreen) are characterized by their rich visual interface and capability to
process touch inputs. During all stages of the operation, there is almost no haptic feedback. Obviously, the driver
can feel the screen, once the finger makes contact with its surface, however, the control element itself, e.g., a virtual
button cannot be felt. Furthermore, turning on/off, or adjusting a function is usually not communicated via haptic
feedback. To output the status of the function, visual feedback is used, sometimes accompanied by audio feedback.
Research suggests that drivers prefer multimodal feedback (e.g., haptic, audio) over visual feedback alone (Pitts et
al., 2012). The physical device is usually positioned in the middle of the center console and sometimes tilted towards
the driver (Patel et al., 2022). Screen sizes vary, as does the orientation of the screen (vertical or horizontal).
Compared to physical controls, there is far less variety in the physical appearance (a screen vs. a button, knob,
lever, etc.) as well as in the positioning of the screen (center console vs. steering wheel, steering column, center
console, etc.). However, there is more diversity regarding the actions that the driver must perform to interact with
the screen: tapping, sliding, or pinching. Compared to physical controls, touch-based interactions are more involved
because there is nothing to grab, hold onto, and there is no haptic feedback.

For function operation, there are two main advantages to using a central touchscreen. Firstly, many functions can
be placed inside the graphical user interface, thus not requiring much space in the cockpit. Secondly, functions of
any complexity can be implemented — from simple one-step interactions (e.g., turning the window defogger on or
off) to complex multiple-step interactions (e.g., adding an additional stop to the navigation). As with physical controls,
there is an inverse relationship between the number and complexity of functions and the simplicity of the HMI. For
the touchscreen, this results in a highly complex interface that is not easy to use (at least when compared to physical
controls). Many of the functions cannot be directly accessed because they are placed in deep menu hierarchies.

As before, the interaction with the touchscreen can be analyzed using Wickens’ (2002) Theory of Multiple Resources.
For driving, the visual resource at the perceptual stage and the manual resource at the response stage are required.
As touchscreens are visual interfaces, they heavily rely on the visual-perceptual resource. Drivers need to visually
search for the desired control element of the function, interact with it, and then visually check again if the interaction
was a success. In other cases, the screen needs to be looked at continuously to reach the desired function status
(e.g., switching the map to an optimal zoom level). Thus, the visual resource is repeatedly unavailable for the driving
task when interacting with the touchscreen. To some extent, the same is true for the manual resource for the
response. As the interface is flexible, even a tap could land anywhere on the screen, depending on where exactly
the function was placed. Further, some actions require continuous tracking (sliding) or complex gestures (pitching).
Moreover, these manual actions mostly require visual control since no haptic feedback is provided. Because of their
high usage of resources, touchscreen-based interactions usually result in the worst driving performance when
compared to physical controls or speech-based interfaces (Ma et al., 2022).

2.3 Speech-Based Interfaces

Speech-based interfaces, like their name suggests, rely on the auditory channel for input and output. In contrast to
physical controls and touch-based interfaces, the operation does not rely on physical devices, at least under ideal
circumstances. However, as Young & Zhang (2017) note, in-car speech technologies are rarely “pure” — usually a
mixed-mode interface is used where visual information is displayed, e.g., in the central touchscreen. To activate the
speech-based interface, drivers can either press a push-to-talk button or say a keyword. With the interface activated,



a command can be voiced to operate a vehicle function (e.g., “Turn up the music!”). At the end of the input, voice
feedback, a chime and/or visual feedback are presented. If and what keyword is used differs between systems, the
same goes for the chimes used.

From a function operation standpoint, the speech-based interface could theoretically be used to control most in-
vehicle function. However, most manufacturers only provide access to a selection of functions. As the speech-based
interface does not require physical space inside the cockpit, controls are only limited by the commands used.
However, this highlights the first challenge when working with speech-based interfaces. Users must be informed
about the scope of functions available via the speech-based interface and how to address them. Furthermore, the
system should be able to recognize a multitude of commands, some of which do not explicitly state the function.
Instead of “Increase the temperature!”, a driver might say “l am freezing.” or “Make it warmer!”. Another challenge
lies in voice recognition: noises, dialects, mumbling, or conversations of passengers introduce noise the system has
to account for when identifying the target phrase of the driver. To overcome these issues, neural networks may be
used (Khdier et al., 2021; Lyashenko et al., 2021). Although basically any function could be accessed with speech-
based interfaces, it could be counterproductive to do so: Especially single-step actions (“Turn the wipers on!”) take
longer to activate via speech-based interfaces than via other means. This is especially critical for immediate-to-
execute functions. Furthermore, as speech recognition can be erroneous, the target function might not even be
activated which may result in a safety hazard (The driver can’t see the road ahead). Error handling presents another
challenge, as drivers need to be informed about the error and how to proceed further. Finally, the speech-based
interface can be rather complex when addressing functions can be done via numerous commands. This may also
lead to errors when the system confuses commands.

Like with the previous HMIs, the speech-based interaction can be analyzed using Wickens’ (2002) Multiple Resource
Theory. For driving, the visual (perception), cognitive, and manual (response) resource are required. Any parallel
task sharing these resources with the driving task will result in a deteriorated driving performance. In contrast to
physical controls and touch-based interfaces, the speech-based interface relies on the auditory resource for
perception and vocal resource for response. Thus, driving and operating a function via the speech-based interface
take place in two different modalities, visual and auditory, respectively. As a result, the interference between both
tasks is minimized, although it cannot be completely eliminated. The reason lies in the use of the cognitive resource
where a driver must both coordinate the use of the speech-based interface (e.g., remembering commands, reacting
to the speech-based interfaces’ output, dealing with errors), while simultaneously understanding and anticipating the
movement of other traffic participants (Endsley, 1995). If the speech-based interface is not “pure” (i.e., using visual
feedback; Young & Zhang, 2017) the interference with the driving task will increase. Still, as the speech-based
interface does not (strongly) rely on the visual-manual resources needed for driving, they are a lower distraction
option for operating complex functions (Ma et al., 2022).



3 Vehicle Functions

The aim of this project was to develop a checklist that evaluates whether an HMI for operating a given function is
low-distraction and safe-to-use, i.e., operation errors are unlikely to occur. The basis for our instrument was the
checklist of Horn et al. (2023), which is largely based on the NHTSA guidelines for visual-manual distraction (National
Highway Traffic Safety Administration, 2013, 2016). In the first two modules, named “devices” and “functions”, the
NHTSA criteria for the assessed HMI are checked. The third module in the form of a decision tree was a new
development and is used to define the use context of the function independent of the HMI implementation. It defines
an acceptable threshold for the implementation of a function regarding the modality (physical controls, touch-based,
speech-based) and menu depth (e.g., 2 steps).

Separating the function from its HMI implementation is a sensible idea because a function could theoretically be
accessed through any of the three HMI types (physical controls, touch-, and speech-based). Obviously, not every
function should be accessible through every HMI type. Some functions need to be operated instantly (e.g., turning
off the high beam) where the speech-based interface or touchscreen would be too slow, thus physical controls are
the best option. In contrast, complex and infrequently accessed functions like vehicle settings (e.g., setting the date
and time) can be placed in a touchscreen menu without relying on physical controls.

We started our work with a focus on vehicle functions and their current implementations in popular vehicles. This
enabled us to outline the scope of functions available to the driver. We later grouped these functions into clusters
and defined optimal operability. This work was then used to enhance Horn et al.’s (2023) decision tree to better
define the usage context of a function. This will be described as part of the development of our own checklist (see
section 5.2.3).

3.1 Functions and Driving Tasks

By using a vehicle function, the driver tries to achieve a certain task. According to Bubb et al. (2015), these tasks
can be grouped into three different categories: primary, secondary, and tertiary tasks. Primary tasks are directly
related to the driving task where the driver’s goal is to keep the car on track by using the steering wheel, throttle,
and brake. Here, maneuvers are executed and a trajectory is being followed. Secondary tasks are closely related to
the primary task as they enable the driver to safely fulfill the primary task. The use of the indicators, horn, or
windscreen wipers fall into this category. Finally, tertiary tasks are not related to the driving task and contain comfort
and infotainment functions. Most tasks that are employed as part of distraction research usually fall into this category
like climate control, media, or phone usage. Obviously, for optimal operability, the primary and secondary task
functions must be as easy to use as possible. Tertiary task functions should be easy to use and low-distraction as
well, although they are less important for the driving task.

To further categorize the tertiary tasks and gain insight into their prevalence, Huemer & Vollrath’s (2011) study on
driver secondary tasks can be utilized. Here, device usage inside the car was analyzed, where the most frequent
tasks were audio-related (e.g., using the radio, changing the CD), followed by telecommunication tasks (although
via mobile phone), followed by the handling of the climate control (e.g., adjusting the temperature). The data of the
study, however, is from 2009 and the number of available functions in vehicles has greatly increased since then.
Starkey & Charlton’s (2020) study is more up-to-date: They were interested in drivers’ usage of in-vehicle system
applications and asked participants how often they showed 14 different behaviors related to in-vehicle information
system usage. Although these behaviors are sometimes broad (e.g., “use of manufacturer display”) and thus do
represent individual operation tasks, the data indicates that nearly all drivers engaged in audio-related tasks (“listen

to music”, “select music on phone”), followed by navigation tasks (“listen to directions”, “look at map on navigation

system”), and communication tasks (“talk on hands free”, “text/email/social media”). Reading, internet usage, and
the reception of warnings were reported the least.
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The classification of Bubb et al. (2015) was used during the research of the sample vehicle’s functions to assess
whether they belong into the primary, secondary, or tertiary task category. The studies on the usage frequency of
functions (Huemer & Vollrath, 2011; Starkey & Charlton, 2020) will later be used to classify the large number of
tertiary tasks not relevant to the driving task. This will be done at the end of this chapter as part of the development
of the function cluster for optimal operability.

3.2 Case One: Volkswagen Golf 8

The Volkswagen Golf 8 is a popular vehicle on German roads. In 2024, over 100.000 new cars were registered
(Kraftfahrt-Bundesamt, n.d.). Thus, there are many drivers who will interact with the car’'s HMIs. Depending on the
trim level, there will be differences between each individual vehicle, however, the general HMI concept is the same
in every car. There are videos on the video platform YouTube that explain how basic functions can be operated. We
used them as the basis of our research. We viewed ten videos from a YouTube channel dedicated to explaining
vehicle functions (e.g., Fahrzeugfunktionen Einfach Erklart, 2020) and an additional video explaining the speech-
based interface (Schwaben - Checker, 2020). The provision of explanatory videos somewhat highlights the
increased complexity of modern in-vehicle HMIs and the need to explain them towards novice vehicle owners.

3.2.1 Physical Controls and Touch-Based HMI

Table 1 shows the functions that rely on a visual-manual interaction (Wickens, 2002). Functions are clustered along
two dimensions. First, they are grouped into sections following Bubb et al.’s (2015) proximity to the driving task.
Secondly, functions are grouped into function groups to keep the reporting of results compact.

Table 1: Volkswagen Golf 8 — functions accessible via physical controls and touch-based HMIs

PRIMARY

Function Group Functions Device HMI Type Steps
Accelerating 1 Pedal Physical Controls 1
Braking 1 Pedal Physical Controls 1
Steering 1 Steering Wheel Physical Controls 1
SCONDARY

Function Group Functions Device HMI Type Steps
Drive Mode 5 Lever Physical Controls 1
Exterior Light Functions 3 Touch button Touch 1
Defogger 2 Touch button Touch 1

High Beam Control 2 Lever Physical Controls 1
Indicators 2 Lever Physical Controls 1

Wiper Controls 7 Lever Physical Controls 1

Driving Assistance Control 6 Button Physical Controls | Atleast 1
TERTIARY

Function Group Functions Device HMI Type Steps
Windows 3 Rocker switch Physical Controls 1

Mirrors 3 Rotary knob Physical Controls | 2

Interior Lights 3 Touch button Physical Controls 1

Media Control 6 Button (SW) Physical Controls | At least 1
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TERTIARY

Function Group Functions Device HMI Type Steps
Change View (Instrument 1 Button (SW) Physical Controls | At least 1
Cluster)

Start Speech-Based HMI 1 Button (SW) Physical Controls 1

Quick Settings* Variable (15) Touchscreen Touch At Least 1
Functions on Home Screen* Variable (5) Touchscreen Touch At Least 1
Navigation* 29 Touchscreen Touch Avg.: 1.6
Media Control* 36 Touchscreen Touch Avg.: 1.1
Climate Control* 18 Touchscreen Touch Avg.: 1
Driver Assistance Settings* 13 Touchscreen Touch Avg.: 1.7
Vehicle Setup/Settings* 22 Touchscreen Touch Avg.: 2
TOTAL 185

Note. * = Operation steps counted within the function’s menu. If the operation starts from the home screen at least
one step must be added. Moreover, settings are counted as individual functions in the touchscreen menus.

3.2.2 Speech-Based HMI

Table 2 shows the functions available via the speech-based HMI that is based on a verbal-vocal interaction
(Wickens, 2002). Like with the visual-manually accessible functions, function groups and the number of accessible
functions are listed. Furthermore, the number of voice commands tested and if the speech-based interface provided
or needed additional information are indicated.

Table 2: Volkswagen Golf 8 — functions accessible via the speech-based interface

SECONDARY

Function Group Functions Commands Inquiry?
Defogger Rear Defogger 1 N
TERTIARY

Function Group Functions Commands Inquiry?
Climate Control 5 21 Y
Navigation 2 11 Y

Media Control 5 7 Y

Phone 3 3 N
Launching Apps 2 2 N

Sun Roof 1 2 N
TOTAL 18
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3.3 Case Two: Tesla Model 3

Tesla was one of the first manufacturers to use a central touchscreen to access most of the vehicle’s functions.
Since then, all their models rely on the central touchscreen as the main interaction method while making minimal
use of physical controls. In Germany, this sparks concerns as the use of a vehicle’s touchscreen is only allowed
when glance time remains short (StraRenverkehrs-Ordnung, 2013). If a driver loses control of the vehicle and causes
an accident because they were looking away from the road for extended periods of time, this will be classified as a
traffic offense (ADAC, 2020). Thus, Tesla’s HMI concept remains controversial to this day. Furthermore, it is complex
and deviates from what drivers are used to in other vehicles. As a result, like with the Volkswagen Golf 8, there can
be videos found on YouTube explaining how to operate the vehicle’s functions. We used these videos to better
understand how the central touchscreen (e.g., Alex Sibila, 2023) and the speech-based interface (e.g.,
Technikfieber, 2023) are operated.

3.3.1 Physical Controls and Touch-Based HMI

Table 3 shows the functions that rely on a visual-manual interaction (Wickens, 2002). Functions are clustered along
two dimensions. First, they are grouped in sections following Bubb et al.’s (2015) proximity to the driving task.
Secondly, functions are grouped into function groups to keep the reporting of results compact

Table 3: Tesla Model 3 — functions accessible via physical controls and touch-based HMIs

PRIMARY
Function Group Functions Device HMI Type Steps
Accelerating 1 Pedal Physical Controls 1
Braking 1 Pedal Physical Controls 1
Steering 1 Steering Wheel Physical Controls 1
SCONDARY
Function Group Functions Device HMI Type Steps
Drive Mode 3 Touchscreen Touch 1
Exterior Light Functions 4 Touchscreen Touch 2
High Beam Control 2 Touch button (SW) | Touch 1
Indicators 2 Touch button (SW) | Touch 2
Wiper Control 2 Touch button (SW) | Touch 1

6 Touchscreen Touch 2
Driving Assistance Control 2 Scroll wheel (SW) | Physical Controls At least 1
Defogger 2 Touchscreen Touch At least 1
TERTIARY
Function Group Functions Device HMI Type Steps
Start Speech-Based HMI 1 Touch button (SW) | Touch 1
Windows 2 Rocker switch Physical Controls 1
Mirrors 2 Touchscreen Touch 1&4

Scroll wheel (SW) | Physical Controls

Quick Settings* 9 Touchscreen Touch At least 1
Climate Control* 23 Touchscreen Touch At least 1
Navigation*® 19 Touchscreen Touch Avg.: 2.7
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TERTIARY

Function Group Functions Device HMI Type Steps
Media Control* 7 Touchscreen Touch Avg.: 2.6
Phone* 4 Touchscreen Touch Avg.: 2.3
Settings & Vehicle Setup* 78 Touchscreen Touch Avg.: 1.1
TOTAL 171

Note. * = Operation steps counted within the function’s menu. If the operation starts from the home screen at least
one step must be added. Moreover, settings are counted as individual functions in the touchscreen menus.

3.3.2 Speech-Based HMI

Table 4 shows the functions available via the speech-based interface that is based on a verbal-vocal interaction
(Wickens, 2002). Like with the visual-manually accessible functions, function groups and the number of accessible
functions are listed. Furthermore, the number of voice commands tested and if the speech-based interface provided
or needed additional information are indicated.

Table 4: Tesla Model 3 — functions accessible via the speech-based interface

SECONDARY

Function Group Functions Commands Inquiry?
Wiper Control 3 3 N
Defogger 1 1 N
TERTIARY

Function Group Functions Commands Inquiry?
Climate Control 15 15

Navigation 9 9 N
Settings & Vehicle Setup | 13 13 N

Open Menus 3 3 N
Phone & Messaging 2 2 Y

Web browsing 3 3 N
Entertainment 1 1 N
TOTAL 53
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3.4 Conclusion

Both vehicles, the Volkswagen Golf 8 and Tesla Model 3, offer well over 100 functions to drivers. Obviously, the
videos did not show the use of every single function, but they still serve to demonstrate the “function inflation” in
modern cars. Looking at the visual-manually accessible functions contained in Table 1 and Table 3, the following
conclusions can be made:

—
—

Primary task functions are exclusively accessed via physical controls with only one operation step.
Secondary tasks functions are primarily accessed via a mix of physical controls and the touchscreen. The
Volkswagen Golf 8 exclusively uses physical controls with one operation step. The Tesla Model 3 relies on
the touchscreen for over half of the function groups, the rest of the functions can be operated via physical
controls and often requires more than one operation step.

Tertiary task functions are primarily implemented via the touchscreen and seldomly require just one
operation step. Again, across function groups, the Tesla Model 3 uses far less physical control elements
than the Volkswagen Golf 8.

Regarding the number of functions, their number steadily increases the higher the task category (see Bubb
etal., 2015).

For the results contained in Table 2 and Table 4, they can be summed up as follows:

1l

Both systems are flexible in regard to the voice commands they accept.

In general, less functions are available via the speech-based HMI when compared to the visual-manual
HMls.

Secondary task functions can only be sparsely accessed. In the Volkswagen Golf 8, only one function group
could be accessed, in the Tesla Model 3, two function groups could be operated.

The number of available tertiary functions is greater than the number of secondary functions.

As mentioned above, the Tesla Model 3 deviates from the Volkswagen Golf 8 with its stronger reliance on the
touchscreen. A similar deviation can be seen in the functioning of the speech-based interface. While the Golf offers
a “pure” speech-based interface (Young & Zhang, 2017) that can be operated hands-free via the use of a keyword
and spoken feedback, the Tesla Model 3 omits both of these elements. Drivers must start the speech-based interface
with physical controls and visually check for feedback on the screen. Although a “beep” is used to indicate the
processing of the command, it does not sufficiently transport the activation status of the function.

3.5 Optimal Operability & Clustering of Functions

After reviewing the literature (see chapter 4), a function’s implementation should strive for optimal operability, i.e.,
operation should be easy (i.e., not many operation steps), efficient (i.e., instant activation/feedback) and safe (i.e.,
low chance of operation errors). As optimal operability differs between HMIs (as well as their distraction potential),
a given function should use an appropriate HMI for its operation. To make the grouping of functions easier, we
consolidated the functions of both vehicles (Volkswagen Golf 8 & Tesla Model 3) into larger function groups. These
groups were then arranged along three dimensions to determine their optimal operability (see Figure 1):

1.
2.
3.

Proximity to driving task (x-axis): Primary, secondary or tertiary task according to Bubb et al. (2015).
Safety relevance (y-axis, left): According to the decision tree in Horn et al. (2023).
Complexity & distraction potential (y-axis, right) based on Ma et al. (2022).

Furthermore, on the left-side y-axis, proximity to the driver and input method were added, and on the right-side y-
axis, several HMI operation characteristics were added.
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Optimal operability increases when the proximity to the driving task decreases and the safety relevance increases.
Thus, optimal operability is the highest in the top left-hand corner of the cluster (see Figure 1). Accordingly, it's the
lowest in the bottom right-hand corner. Overall, the cluster illustrates the same trend found in the vehicle functions
tables above: Groups further away from the driving task contain a higher number of functions, i.e., only a few
functions belong in the primary task class, while many belong to the tertiary driving task (see Tables 1 —4).

For primary driving tasks, safety relevance is the highest, thus the corresponding functions are usually close to the
driver and implemented via physical controls. At the same time, the interaction is simple, offering a tactile, blindly
usable and latency-free operation via a single step. This is mostly true for the secondary tasks as well, which are
still rather important for driving safety. Functions belonging to the tertiary task class, however, are not safety relevant
itself and operated via touch-based interfaces requiring multiple-step input. These functions should still be somewhat
optimally operatable since they can still introduce driver distraction, but regarding the driving task, they are irrelevant.
We suggest to optimize and prioritize the access of those functions that are used more frequently as stated in
Huemer & Vollrath (2011) as well as Starkey & Charlton (2020).

Optimal Operability
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4 Human-Machine Interfaces: Considerations for an Optimal Design

The design process of an automotive HMI represents a challenge where creative freedom is met with customer
needs, market conditions, and safety considerations. Manufacturers must ensure that the HMI does not impede the
primary driving task. As HMIs are complex, designers may use resources that point them towards relevant design
aspects for an optimal, low-distraction function implementation. Furthermore, for a given function, the optimal HMI
modality (physical controls, touch-based, or speech-based) should be chosen to ensure optimal operability.

The literature on HMI design can be split up into two groups that differ in their specificity and number of HMI aspects
covered. The first group of literature is primarily made up of guidelines, norms, and reviews that are broad but not
very specific. They cover many HMI interaction principles but lack details on how an actual, optimal implementation
should look like. Thus, a guideline may point out that the system response must be “timely and clearly perceptible”
(European Union, 2008, p. 21) without providing specific time frames (What exactly does “perceived as quite
instantaneous” mean?). The second group of literature mostly contains study results that are much more specific
but not broad. For example, the study of Liu et al. (2022) explored which parameters influence the click and sliding
performance on the central touchscreen. Obviously, this is just one aspect of the interface design, and the interaction
performance will also depend on other aspects like e.g., button shape or feedback. The latter group of individual
studies also contains information on which HMI modality to choose with respect to the operation task’s complexity.

The following sections provide an overview of the literature that served as the foundation of the HMI checklist. Per
HMI type, each section starts with the “broad literature” that will then be supplemented by individual study results.
Descriptions will be kept at a more general level. The section closes with studies highlighting how the interface type
and task complexity interact with each other.

4.1 Applicable to all HMI Types

Regardless of the HMI type used (physical controls, touch-, or speech-based), through each HMI a dialogue with
the user is started that should adhere to certain rules. ISO 15005:2017 Road vehicles — Ergonomic aspects of
transportation and control systems — Dialogue management principles and compliance procedures (International
Organization for Standardization, 2017b) illustrates principles for the interaction between driver and the vehicle’s
transport and information and control system (TICS) while the vehicle is in motion. The first principle explains that
the dialogue must be compatible with the driving task — it should not require extended visual-manual effort to fulfill.
Both hands should stay on the steering wheel, information should be presented timely, in small chunks, and follow
standards the driver is familiar with. The second principle is concerned with the appropriateness of the dialogue for
a TICS task. It mainly requires the dialogue to be consistent in the way information is presented and the interaction
is structured. Also, the interaction must be controllable by the driver, i.e., the driver initiates the start and end of the
dialogue. Finally, the third principle requires the dialogue to be appropriate for the driver. It should be easy to
understand, to learn, and match the driver's expectations.

4.2 Applicable to Visual-Manual HMis: Physical Controls & Touch-Based HMis

4.2.1 Guidelines and Standards

Several broad guidelines exist for in-vehicle HMIs that list criteria for achieving a low-distraction interface and
interaction. These guidelines are mostly concerned with visual-manual interfaces and cover similar topics. Typical
visual-manual guidelines are the following ones:

— European Statement of Principles (European Union, 2008)
— Statement of principles, criteria and verification procedures on driver interactions with advanced in-vehicle
information and communication systems (Alliance of Automobile Manufacturers, 2003)
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— Visual-Manual NHTSA Driver Distraction Guidelines for In-Vehicle Electronic Devices (National Highway
Traffic Safety Administration, 2013)

— Design Guidelines for In-Vehicle Display Systems — Version 3.0 (Japan Automobile Manufacturers
Association, 2004)

Since the guidelines are rather similar in the topics covered, it is sensible to summarize them. Such a summary can
be found in Horn et al. (2023) who developed a checklist prototype that we used as the basis for the development
of our HMI checklist. This checklist prototype is largely focused on visual-manual distraction and employs the visual-
manual NHTSA guideline (National Highway Traffic Safety Administration, 2013). As part of their theory, Horn et al.
(2023) provide a guideline criteria summary of the four visual-manual guidelines listed above. Table 5 contains the
principles listed across five categories. The link between the checklist prototype and our HMI checklist will be
described in more detail in chapter 5.

Table 5: Visual-Manual Guideline Criteria Summary — Adapted from Horn et al. (2023)

Category Principle

Installation guidelines must be followed / Correct installation

System must not obstruct driver's field of view

System must not obstruct driving-relevant controls and displays

Controls must be positioned so that operation does not require excessive
deviation from driving position

Displays with relevant information should be mounted as close as
possible/practical to the line of sight

Minimal glare and reflections (regarding night driving)

Ll

Installation

2

2

2

Tasks can be completed with brief, sequential glances and quickly (max.
single glance duration / max. cumulative glance duration)

Standards (guidelines / empirical data) for characters, sounds, symbols,
Information Presentation acronyms etc. are followed

2

— Driving-relevant information is presented precisely and without delay
— Information with high safety relevance is prioritized
— Mute option available / no audio output with uncontrollable volume level
— Maximum one-handed operation
— Complete hands-free operation possible for speech-based systems
— Interruptibility / option to resume
— Driver determines pace of interaction (delayed inputs)
Interaction — System controls do not impair the use of driving-relevant vehicle controls
— Operation of the system does not obstruct vision
— Volume of all potentially distracting auditory information can be controlled
— System feedback occurs promptly and is clearly recognizable (=250ms)
— Non-safety-relevant dynamic information can be disabled
— Distracting visual information without relevance to driving task (e.g., TV) is
blocked
— System behavior does not interfere with displays/controls relevant to driving
safety
System Response — System clearly distinguishes between functions suitable and unsuitable for

use while driving

Functions not suitable for use while driving are blocked

Safety-relevant status messages / malfunctions are reported to the driver
promptly and correctly

Pl

Adequate documentation / safety instructions
Manuals / instructions are correct and kept simple
Instructions are in language / form that is regionally understood

External Information
About the System

11




18

Category Principle

— Instructions clearly distinguish between functions suitable and unsuitable

for use while driving

Product information accurately describes system functions

Product information clearly highlights required competencies / limitations

regarding user groups

— Representations of use (images, descriptions) are realistic and do not
encourage unsafe behavior

L

For the interaction with visual-manual elements, two ISO norms have been identified that contain specifications
regarding the positioning of physical controls and the central touchscreen. Especially relevant for physical controls
is ISO 4040:2009 Road vehicles — Location of hand controls, indicators and tell-tales in motor vehicles (International
Organization for Standardization, 2009) that subdivides the area around the steering wheel into zones that certain
physical control elements should use. Examples are indicator or wiper controls. As a result, it is mainly concerned
with the lever controls of secondary task functions. ISO 3958:1996 Passenger cars — Driver hand-control reach
(International Organization for Standardization, 1996) is relevant for physical and touchscreen controls as it stresses
the reachability of the HMIs. Both aspects are already covered in Horn et al.’s (2023) guideline summary via the
installation category.

For the presentation of visual information via a display ISO 15008:2017 Road vehicles — Ergonomic aspects of
transport information and control systems — Specifications and test procedures for in-vehicle visual presentation
(International Organization for Standardization, 2017a) may be used. Here, the following criteria can be extracted
that give further guidance on the visual information presentation:

Viewing position of the display must be optimal for the driver

Brightness range should cover all brightness conditions — thus, brightness must be adjustable
Contrast should be optimal at any brightness level

Appropriate color combinations should be used

Appropriate fonts shall be used

Reflections must be reduced without reducing contrast

Stability of the image (no flickering or jitter), blinking for alerts is allowed

R A 2R 2

4.2.2 Research

The research on visual-manual in-vehicle HMIs is mainly centered around touchscreens while also being driven by
the automation trend in the automotive industry. Although our objective was the development of a checklist focusing
on low-distraction HMIs for manual driving, design guidelines for autonomous driving may still be applicable for
manually driven vehicles.

Naujoks et al. (2019) established design guidelines for partially-automated vehicles where a driver is always required
in case the automation cannot continue driving. Thus, relevant system states must be communicated to the driver
via an HMI. Some of the 20 design principles can also be applied regarding low-distraction visual interfaces in
manually driven vehicles:

— Guideline #1: Unintentional activation and deactivation should be prevented.

— Guideline #4: Visual interfaces used to communicate system states should be located at a suitable position
and distance. High priority information should be presented close to the driver's expected line of sight.

— Guideline #5: HMI elements should be grouped together according to their function to support the
perception of mode indicators.

— Guideline #6: Time-critical interactions with the system should not require continuous attention.
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— Guideline #7: The visual interface should have a sufficient contrast in luminance and/or color between
foreground and background.

— Guideline #9: Commonly accepted or standardized symbols should be used to communicate the
automation mode. Use of non-standard symbols should be supplemented by additional text explanations
or vocal phrases.

— Guideline #11: Messages should be conveyed using the language of the users (e.g., national language,

avoidance of technical language, use of common syntax).

Guideline #12: Text messages should be as short as possible but as long as necessary.

Guideline #13: Not more than five colors should be consistently used to code system states (excluding

white and black).

1l

Guidelines #4, #6 and #7 can also be found in the guideline criteria summary by Horn et al. (2023) and/or in ISO
15008:2017. Guideline #1 adds an important aspect to the system behavior when a driver tries to operate a function.
If some functions are erroneously operated, they might introduce a major distraction to the driver (e.g., accidentally
opening the windows while driving at high speeds) or endanger others (e.g., accidentally engaging the high beams
and blinding others). Guidelines #5, #12, and #13 suggest that the visual interface should be tidy instead of cluttered.
Finally, guidelines #9 and #11 are partially covered by the guideline criteria summary but highlight the use of symbols
and text the driver is familiar with.

Regarding touchscreen focused research, Ma and Gong (2024) list five factors that influence how distracting an
interaction with the central touchscreen is and make suggestions towards an optimal design:

Operation steps (number of actions required for the operation of a function): single step
Click displacement (total distance of finger movement for all operation steps): <20 mm
Rightmost position of the operation area: < 35° - 40°

Average touchpoint area (average area of all icons that need to be tapped): 700 mm?
Horizontal rotation area (rotation of the display towards the driver): > 7°

S

Grahn & Kujala (2020) investigated the effects of the touchscreen size, user interface design, and subtask
boundaries (i.e., typing a number in chunks vs. in one go) on driving performance. A larger touchscreen slightly
decreased the distraction potential. More importantly, however, was the use of an automotive design with large fonts,
icons, and a generally less cluttered design. This supports the Guidelines #5, #12, and #13 from Naujoks et al.
(2019). The division into more subtasks generally decreased the distraction potential. Thus, it is important that a
function always waits for driver input and does not automatically continue, which aligns with ISO 15005:2017 and
the interaction section in the guideline criteria summary.

Liu et al. (2022) researched how clicking and sliding gestures can be optimally executed on the central touchscreen.
They suggest that the optimal button size is 14.4 mm with a “hot zone” size (clickable area of the button) of 13.2 mm
x 13.2 mm for an accuracy of 80%. Furthermore, buttons should not be too close to the steering wheel as they get
occluded by the arm, while at the same time they should not be too far to the right. For sliding gestures, the middle
of the screen is best for the operation of sliding gestures. Furthermore, sliding from left to right and from top to bottom
is easier than from right to left and from the bottom to the top, respectively. In comparison to Ma and Gong (2024),
the touchpoint area seems to be smaller and the aspect of the touchscreen being too close to the steering as well
as the investigation of sliding gestures are helpful additions for the central touchscreen’s interface design.

Nicolas et al. (2024) studied depth and breadth trade-offs for different tasks on a central touchscreen while driving.
Regardless of the task, a broad menu where many elements are on a single page is generally preferrable to an
interface with a high depth menu. This indirectly supports Ma and Gong’s (2024) results as with a broad interface
less interaction steps are needed. Of course, at the same time, the interface should not be too cluttered as with
Naujoks et al.’s (2019) guidelines.
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Finally, Ebel et al. (2023) used natural driving data to predict driver distraction. The data suggests that Ul elements
should be placed closely together, that static and easy-to-use elements should be chosen, and that lists should not
be used. The results largely align with the findings of Ma and Gong (2024) as well as Nicolas et al. (2024).

4.3 Applicable to Speech-Based HMis

4.3.1 Guidelines and Standards

While visual-manual HMIs have well-established guidelines (see section 4.2.1), speech-based systems in
automotive contexts still lack these kinds of resources. This may be attributed to the fact that the cognitive distraction
induced by speech-based systems is generally considered less severe than visual-manual distraction (Zhang et al.,
2023). Furthermore, speech-based interfaces are still a rather new development in vehicles, especially for controlling
functions with a low proximity to the driving task (Bubb et al., 2015).

However, there is one standard that can be used as a foundation for the design of speech-based HMIs: SAE J2988
Guidelines for Speech Input and Audible Output in a Driver Vehicle Interface (Society of Automotive Engineers,
2015) gives guidance on when to implement a speech-based interface, the dialogue structure, error handling, and
system feedback. For the design of the audio signals, ISO 15006:2011 Road vehicles — Ergonomic aspects of
transport information and control systems — Specifications for in-vehicle auditory presentation (International
Organization for Standardization, 2011) can be used to specify the properties of the auditory channel. Both standards
can be employed to derive a criteria summary that is similar to the one of Horn et al. (2023) for the visual-manual
guidelines. The criteria summary can be found in Table 6.

Table 6: Speech-Based Standard Criteria Summary

Category Principle

System uses a well-audible frequency range
Auditory signals must stand out from background noise
Auditory levels must not be too high

Audio Signal

Information may be coded via chimes and/or speech
Not too many chimes shall be used

Prioritization of information with high relevance
Visual information may be presented for redundancy
Speech shall use simple vocabulary

Auditory information should be as short as possible

Information Presentation

Universal commands are used for common actions (e.g., “help”, “cancel”,
“repeat”, “main menu”)

As little dialogue steps as possible shall be used

System should understand as many utterances as possible

A dialogue can be easily initiated either via a button on the steering wheel
or by using a keyword

System indicates when it is ready to receive an input

System informs about the acceptance/rejection of an input

System informs about possible delays

System can be interrupted or the whole dialogue stopped during any stage
of the interaction

Driver determines the pace of the interaction

N R R R

NS

Interaction

1Ll

A

3

System does not allow the operation of functions that are not suitable for
the speech-based interface (e.g., functions affecting the movement of the
vehicle)

— System features adequate error correction and handling

System Response
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Category Principle
Additional Information — System informs the user about speech-accessible functions and the
About the System corresponding vocabulary

4.3.2 Research

Speech-based options for in-vehicle HMIs are a popular topic in automotive research, especially as they enable low-
distraction interactions — at least when compared to visual-manual HMIs. They are not distraction free and may
induce cognitive distraction (see section 4.4), which should be reduced or omitted. To achieve this, Hua and Ng’s
(2010) study can be applied that lists the following four guiding principles:

use a broad and shallow menu structure (no more than three menu levels)
provide visual feedback and memory aids

provide vocal shortcuts

implement hard keys for often used tasks

e il

The use of a broad and shallow menu structure resembles the depth and breadth trade-off from visual-manual
interfaces (Nicolas et al., 2024). For speech-based interfaces, the use of a broad menu structure minimizes the
number of dialogues needed, which is a principle that can be found in the interaction section in Table 6. Similarly,
the provision of visual feedback aims to minimize the cognitive load. Of course, visual feedback may result in visual
distraction, so the visual feedback should be implemented carefully. The provision of vocal shortcuts is also useful
to reduce the number of dialogues needed. Finally, the authors recommend the use of physical controls for regularly
performed tasks. This makes sense, as physical controls are often the optimal way to interact with simple functions
(Ma et al., 2022). But this indirectly addresses the need to provide access to the function via other means (physical
controls or touchscreen) in case the speech-based interface is not operational.

There are other collections of design principles for speech-based interfaces as well, either for the use in vehicles
(e.g., Murad et al., 2018) or for speech-based interfaces in general (e.g., Suhm, 2003). However, they largely match
the criteria listed in Table 6 and/or the guiding principles of Hua & Ng (2010).

A group of studies has investigated the effects of the speech style used by the speech-based interface. Especially
in cases where a user has to gain situation awareness (see Endsley, 1995), an informative (simple and direct, more
‘commanding”) speech style is better than a conversational (more suggestive; Wang et al., 2022) one. Furthermore,
reaction times improve when a voice with a higher level of assertiveness is implemented (Wong et al., 2019). This
is presumably more relevant in cases belonging to second level tasks (Bubb et al., 2015), for example, when a driver
needs to react within a few seconds (e.g., turning on the light). Beyond speech style, voice agents with different
personas might be employed (Braun et al., 2019). However, it is unclear how this affects distraction.

Finally, the study of Eriksson et al. (2014) demonstrates that the speech-based interface should omit menu structures
and allow direct access to a function via natural voice commands. Further, the speech-based interaction must be
paced by the user to allow for compensatory strategies and to reduce cognitive load. A final aspect that might lead
to high levels of cognitive distraction is when the speech-based interface does not react in a way expected by the
user (Reichel et al., 2014).
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4.4 Modality Choice for Different Tasks

The previous sections 4.1 — 4.3 described design principles for each HMI type that reduce its distraction potential
and make the interaction easier. However, that does not answer the question of which of the three HMI types
(physical controls, touch-based, or speech-based) should be used to access a function.

Ma et al. (2022) investigated the effects of secondary tasks on driving performance and distraction when being
operated via different modalities. Ten secondary tasks that were classified into three classes were used: basic,
medium, and advanced. The classification is based on two dimensions: complexity (number of operation steps) and
difficulty (average interaction per step). The results reveal that steering wheel buttons and speech-based operation
are most suitable for basic tasks (adjust volume, skip to next track, turn on recirculated air, accept incoming call).
The speech-based interface is the most ideal for medium tasks (change media source, call contact from list, increase
temperature, increase air volume). For advanced tasks, a combination of touch- and speech-based input should be
used (type in a phone number and call, select a destination from the destination history). The study highlights that
for simple tasks, physical controls enable blind operation, thus little visual distraction is induced. For medium tasks,
the speech-based interface strikes the balance between good operation speed and low visual distraction. Advanced
tasks, however, should never be operated via physical controls — here, the speech-based interface seems to be a
good option to omit visual distraction although it lacks high operation speeds. Thus, the addition of a touchscreen
interface, which is used in parallel, may accelerate the interaction, while conversely, introducing visual distraction.
As a result, a middle ground must be found when using both interfaces for advanced tasks.

In a similar fashion, Zhang et al. (2023) compared three different input modalities: touchscreen-based, gesture-
based, and speech-based. Although the difficulty of the secondary task was varied, this had no effect on driving
performance. Instead, the effects could be largely attributed to the different HMI modalities. As expected, the
touchscreen-based interaction led to the highest distraction and worst driving performance. For gesture-based input,
which used in-air gestures, effects were less severe when compared to the touchscreen-based interaction, although
the crash risk was still elevated. Finally, speech-based interaction affected the driving and visual performance the
least. The authors suggest that the speech-based interface should be used as the primary input for most tasks and
that gestures might be deployed for commonly accessed functions. The interaction with the touchscreen should be
avoided if possible. The study follows the trend of Ma et al. (2022) but adds the option for gesture input.

In other studies, speech-based interfaces are the preferred option as well for operating multiple-step functions when
compared to visual-manual interfaces (e.g., for texting: He et al., 2014; Kurtz et al., 2021; e.g., for address inputting:
Zhong et al., 2022). However, even the speech-based interface can introduce significant levels of cognitive
distraction that are detrimental to safe driving. Based on his study results, Strayer (2015) suggests that a red line
should be drawn for certain tasks even if they are operated via a speech-based interface. If the cognitive distraction
reaches a high enough level, it interferes with the driver’s ability to allocate the attention towards relevant stimuli.
This results in longer response times and worse driving performance. This claim can be further backed up by studies
showing that drivers’ gaze does not stay on the road when interacting with a speech-based agent (Zhang & Roberts,
2023). Note, however, that speech-based interaction may have improved in the past years. In the past, when
interacting with speech-based agents (e.g., Apple’s Siri) cognitive distraction was high due to many errors occurring
(Strayer et al., 2017). In a more recent replication of this study, cognitive distraction levels were significantly lower
(Loew et al., 2023). This might be attributed to technological advancements in speech-based interfaces.

In conclusion, depending on the complexity of the task, appropriate HMI types (physical controls, touch-based,
speech-based) should be used to control certain functions. For highly complex tasks, the studies suggest that they
always have a high potential for driver distraction — even when they are operated via the speech-based interface.
Although beyond the scope of the checklist, it may be advisable to entirely restrict access to those functions while
driving.
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5 HMI Checklist

As stated in the introduction, the objective of this project was to design an HMI checklist that can be employed to
assess the function implementation in the vehicle regarding its distraction potential and whether it is safe-to-use,
i.e., operation errors are unlikely to occur.

The foundation of our work was the checklist of Horn et al. (2023), which was developed on the basis of the NHTSA-
Guidelines. There, the checklist items are split into two modules for hardware and function aspects to ensure an
efficient evaluation process. Further, the scope of functions that can be assessed was expanded by the inclusion of
a third module in the form of a decision tree. As a result, functions close to the driving task (secondary tasks; Bubb
et al., 2015) can be considered as well. Our newly developed checklist includes the same range of vehicle functions:
It allows the assessment of the HMI implementation of secondary and tertiary tasks, but not primary tasks (i.e.,
steering, throttle, brake).

We enhanced the prototype of Horn et al. (2023) in three crucial ways. First, we extended the scope of the checklist
so that it can be used to assess speech-based HMIs. At the same time, we further split the checklist so that each
HMI type (physical controls, touch-based, and speech-based interfaces) can be evaluated individually. Secondly,
we added a quantitative scoring system to generate an HMI operation score pointing towards issues in the HMI’s
design. Here, the deviation from an ideal HMI implementation is determined on an item level. Thirdly, the decision
tree was revised to point towards the optimal HMI implementation for a function given its usage context. As a result,
the ideal implementation for secondary (e.g., turning off the high beams) and tertiary functions (e.g., inputting a
navigation address) can be determined. The ideal implementation is comprised of the HMI modality and the
operation steps needed for the function operation.

The final HMI checklist can be found in Appendix A. It was validated in a driving simulator experiment described in
chapter 6. The results (see chapter 7) revealed that the HMI types interact with task complexity, therefore confirming
the basic assumption of the decision tree (see section 5.2.3). More importantly, the validation was used to ensure
that the design aspects (see section 5.2.2) of each HMI modality do indeed affect driver distraction and function
operation.

5.1 Checklist Structure and Assessment Process

The basic structure of the previous instrument (Horn et al., 2023) has been retained. However, the items in each
module were split into three groups for each HMI type (physical controls, touch-based, speech-based). This was
necessary as the characteristics of each HMI modality affecting distraction and safety-to-use differ from one another.
The general checklist structure can be seen in Figure 2.

The assessment process starts with the definition of a function group or an individual function to be evaluated with
the instrument. At this point, the HMI type/s through which the function can be operated is/are determined (physical
controls, touch-based, speech-based).

Then, each utilized HMI type is evaluated using the items in module | Shared HMI Features. This first module is a
follow-up of Horn et al.’s (2023) idea to only assess features of the HMI that are shared between functions once.
Especially for the touch- and speech-based HMIls, this reduces the assessment effort as unnecessary repetitions
are avoided. For example, every function implemented in the touchscreen uses the same hardware, therefore the
physical touchscreen device only needs to be evaluated once. When each item in every employed modality is
evaluated, a first HMI operation score can be calculated. A higher score points towards problems in the shared HMI
features.
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Next, and with module I, the focus is shifted away from the HMI towards the function. Module Il a Optimal Function
Implementation only looks at the function itself and the use context in which it is operated. From there, the optimal
implementation can be derived that determines the suitable HMI modalities (physical controls, touch-based, speech-
based) and operation steps for the function. If the function’s current HMI implementation (sufficiently) matches the
optimal implementation, module 1l b HMI Function Interaction and its items can be used to evaluate the HMI function
implementation and the interaction with it. Like with module I, an HMI operation score is generated pointing towards
problems in the function’s HMI implementation.

Assessment Functions Function Group
Scope

Function

Shared HMI
Module | Physical Controls Touch-Based No “unacceptable”?
Features — — Scorel

Optimal HMI Decision Tree

Modulell a . (Use Context)
Implementation

No “unacceptable”?

b HMI Function Physical Interaction Touch Interaction No “unacceptable”?
Interaction — Scorell

Figure 2: Checklist Structure

The basic scoring principle is shown on the right side of Figure 2. For each module, a rating of “unacceptable” must
not be attained. In case this happens, the assessment of the HMI type (module I) or function (module II) must be
stopped, and the interface problem should be fixed immediately. Only if no design aspect in module | and 1l b and
the implementation of the function regarding its use context (module Il a) reaches an “unacceptable”, the assessment
can be continued, and valid scores be generated.

5.2 Development and Description of Checklist Parts

In comparison to the previous checklist of Horn et al. (2023), our instrument does not include a “preceding” part that
includes a detailed instruction and description of the checklist's scope and limitations. Both aspects are instead
covered by this report. Important definitions and basic instructions, however, are included to establish the basic
working principle of the instrument. Furthermore, the checking routine is described in detail at the item level. The
instrument is aimed at professionals familiar with vehicle interface design, therefore, the goal was to extensively
focus on the contents of safe function implementation.

5.2.1 Assessment Scope

The assessment scope is used to define the function(s) that shall be assessed regarding their implementation
quality. It specifies that the checklist is intended for assessing HMIs that are part of the vehicle, but not HMI
extensions like Apple CarPlay or Android Auto. This was done for two reasons: first, tethering options only include
tertiary task functions. The focus of our checklist, however, is to also consider functions with a high proximity to the
driving task belonging to the secondary task class. Second, tethered functions add another base layer to the vehicle’'s
HMI concept that works differently from the one that was implemented by the manufacturer. This would require
another set of items for assessing the shared HMI features in the tethered interface. For example, a manufacturer’s
speech-based interface has different base properties (e.g., recognition rates, speech output quality) compared to
the speech-based controls of a connected mobile device.
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To determine the function(s) to be evaluated, examples from different function groups are provided. These are
directly taken from the function cluster for optimal operability (see Figure 1) that was derived from our vehicle function
research (see sections 3.2. and 3.3). This was done to ensure a mutual understanding of what classifies as a
function, thereby standardizing the HMI assessment process.

Finally, the HMI type(s) used by the function(s) are determined. For each HMI type, a detailed definition is provided.
Here, a description of the physical devices involved (not for speech-based interfaces), the number of functions
accessible, and details on the interaction are given (see chapter 3). Similarly to the provision of functions, this is a
measure to create a common understanding of the terminology used, thus acting as a form of standardization.

5.2.2 ltems and Quantitative Scoring (Module | and Il b)

In contrast to the previous checklist developed by Horn et al. (2023), our instrument does not strictly adhere to a
singular interface design resource (see chapter 4). Instead, we used the visual-manual guideline criteria summary
(see Table 5) as a starting point to generate the items (design aspects) in module | and Il b for the visual-manual
interfaces (physical controls, touch-based). Aspects not already covered by the guidelines were derived from
individual studies (see section 4.2.2). A similar approach was chosen to generate the items for assessing the speech-
based HMI in module | and Il b. The speech-based standard criteria summary (see Table 6) acted as a starting point
with further aspects derived from individual study results (see section 4.3.2). For each item, the references can be
found in the last row of the item body (see Appendix A). After validation, only items that affected driving performance
or the operation process were included in the checklist. Items with no effect on either dimension were excluded (see
chapter 7). The validated version of the checklist is comprised of 50 items.

The basic item structure is made up of eight elements (From top to bottom, see Figure 3):

Item number and short title for easy orientation

Item text describing the optimal HMI principle

5-point rating scale used for scoring

Affected dimensions compared to a reference version; see section 7.3.1

Weighting (value: 1.33; range: 1 — 1.9) indicating the significance of the design aspect; see section 7.3.1
for an explanation of the scoring system (the weighting factor is derived from the penalty score)
Explanation to create a clear understanding

Procedure that shall be used for the assessment

References indicating the source of the item

R

i

M1-PC-4 — Reachability

The control element has been installed in a position where it can be easily reached by the driver.

Both hands on the Ong hand on the Ong hand on the Om=T hand on the Both hands
steering wheel steering wheel, arm | steering wheel, arm | steering wheel, arm necessar
9 ’ not extended. slightly extended. widely extended. Y-
0 1 2 3 unacceptable
O O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 +(0.1x1) +(0.05 x 4.5) =1.33

Explanation | The control element should be close to the driver so that minimal motor effort is needed.

Put both hands on the steering wheel. Now operate the control element and pay attention to your
Testing hands and whether one hand needs to be removed from the steering wheel. If so, pay attention to
how much you need to reach for the control element.

Visual-Manual Guideline Criteria Summary — Installation, Interaction
1ISO 3958:1996 & ISO 15005:2017

References

Figure 3: Item Structure
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With guidelines only listing general principles, it often remains unclear how exactly a good implementation can be
achieved. Hence, we used lengthier item texts and explanations to ensure that the HMI principle can be properly
operationalized. Furthermore, the rating scale includes rating points that are described in detail, resembling a
behaviorally anchored scale. In other words, this leaves little room for the interpretation of the principle itself and its
optimal implementation.

For quantitative scoring, a five-point rating scale was created. It ranges from “0”, resembling an optimal HMI function
implementation, to “unacceptable”, indicating that the implementation is a severe safety hazard. If an “unacceptable”
occurs the assessment process must be stopped. Values ranging from “1” to “3” indicate deviations from the optimal
implementation on varying levels. The cell “Weighting” is calculated based on the dimensions (driving performance
and/or operation quality) that were negatively affected in comparison to a reference version during validation. For
details on the validation process and the calculation of the weighting score, see section 7.3.1. The weighting factor
indicates the importance of the design aspect regarding driver distraction. It acts as a multiplier for the rating on the
five-point rating scale.

For some modalities in module | and Il b, bonus items exist that use a different scoring system. They contain criteria
that cannot achieve the status “unacceptable”. Here, the five-point rating scale ranges from “- 4” (principle fully
respected by the HMI’s design) to “0” (principle not implemented). Thus, the bonus item can be used to lower the
HMI operation score. The structure of a bonus item is shown in Figure 4.

M2-TB-9 — Shortcut

The operation of the function can be shortened by skipping individual operation steps.

Function can be .

) Function can be ) ) . .
operated via a . Function accessible | Function accessible )
shortcut with a operated via a via physical via speech-based Function does not
shortcut with fewer phy P offer a shortcut.

single operation ) controls. HMI.
operation steps.
step.
-4 -3 -2 -1 0
O O O O O
Affects
Weighting 1.0 +(0.1x0) +(0.05 x 0) =1
. The operation of the function can be shortened by using a shortcut (touch-based HMI, physical
Explanation A ) - .
controls, and/or voice-based HMI) which skips operation steps.
First try to create a shortcut for the function on the home screen. Then check whether you can
Testin operate the function so that the final operation step can be accessed directly via this shortcut. Also
9 check to what extent the function can also be accessed via physical controls and the voice-based
HMI.
References | Ebel et al. (2023)

Figure 4: Example of a bonus item.

At the end of module | and Il b, the item scores are summed up to an HMI operation score. The higher the score,
the more problematic the HMI implementation of the function is. Insufficient implementations are associated with
high levels of distraction and/or poor operation safety. The possible point range differs per HMI type as the number
of items as well as the assigned weighting factors differ. For physical controls, a maximum of 45 points can be
scored, for the touch-based HMI 78 points, and for the speech-based HMI 60 points. Please note that these are
sums of the maximum scores across module | and Il.
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5.2.3 Optimal HMI Implementation and Use Context (Module Il a)

A function itself is used to accomplish a certain task in the vehicle. This raises the question of which HMI type
(physical controls, touch-based, speech-based) should be used for function operation. The decision tree in module
Il b is designed to determine the optimal implementation of a function given its use context. Optimal implementation
refers to the HMI modality and operation steps that shall be used. Thereby, two objectives can be achieved. Firstly,
from a safety perspective, optimal operability of the function can be ensured, especially if it is time-critical (e.g.,
turning off a malfunctioning driving assistant). Secondly, the limited space of easily accessible single-step interfaces
(mostly physical controls, see Figure 1 for optimal operability towards the top left-hand corner) can be distributed
towards those functions that are time-critical.

The decision tree was derived from of Horn et al. (2023) and redesigned to include operation errors and the
distraction potential as well as safety hazards that result from it. Moreover, all HMI types/modalities (physical
controls, touch-based, speech-based) are considered at every of the five implementation levels. Also, the evaluation
process is now outlined in the decision tree itself. The decision tree is shown in Figure 5. The decision tree was in
parts validated as the results (see chapter 7) demonstrate that low and high complexity tasks should be operated
with a suitable HMI modality.

The determination of the optimal implementation and whether it is met by the actual implementation works in three
steps. First, the optimal implementation itself is determined via answering the questions along the paths of the
decision tree. There are four questions in total, two or three of which need to be answered depending on the path:

— Question 1: What is the cause for the operation of the function?
o external factors (relating to the driving task): e.g., using turn signals due to infrastructure, turning
off the cruise control due to an obstacle, turning on the windshield wipers due to rain
o internal (voluntary by the driver): e.g., changing the song playing, adjusting the air conditioning
temperature, answering a call
— Question 2: How much time is available for executing the function? When must it be completed?
o instantly: e.g., braking, avoiding obstacles
o afew seconds: e.g., setting the cruise control speed, turning on the windshield wipers, turning on
lights
o longer term: e.g., adding a gas station to the navigation, setting an alternative route to avoid traffic
congestion
— Question 3: How frequently is the function used?
o often: e.g., adjusting the radio volume, climate control operations
o rarely: e.g., changing settings in configuration menu, pairing a new phone
— Question 4: How high is the risk for and how severe are the consequences of an operation error?
o high risk: interference with lateral and longitudinal control (e.g., turning of driving assistance),
strong distraction (e.g., accidentally turning the radio very loud)
o low risk: slight distraction (e.g., accidentally setting the ventilation to full strength)
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Optimal Implementation
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Figure 5: Decision tree for determining the optimal implementation

Table 7: Example Functions on Each Level of the Decision Tree

Level | Path Functions
» N« » — navigation: insert and navigate to full address
5 internal” > “rarely .
— phone: dial and call a phone number
climate control: adjust airflow
“internal” > “often” > “low risk” - . ) )
4 — media control: skip to next track
navigation: route to gas station
“external” > “longer term” > “low risk” - . 9 g . .
— climate control: turn on recirculation
limat trol: adjust f eed
“internal” > “often” - “high risk” - ° |m. © contro a,JUS an sp
3 — media control: adjust volume
windows: open/close side windows
“external” = “longer term” - “high risk” - . . p .
— disable driving assistance
ight: cl ind
2 “external” > “a few seconds” - s!g clear win s'cre.en
— signals: Turn on indicator
. e y — warning signal: use horn
1 external” > “instantl . ) .
y — light: disable high beams

After answering the questions, the path in the decision tree ends at one of the five implementation levels. Here, the
directness (number of acceptable operation steps) as well as the acceptable HMI modalities (physical controls,
touch-based, and/or speech-based) can be derived. Both indicate the optimal implementation of the function. Table
7 contains example functions and paths for each implementation level. For example, the horn is a warning signal
that is located at the first level of the decision tree. As a result, only physical controls are allowed but no other input
modalities (touch-based, speech-based) and operation must happen in a single step. In contrast, inserting a
navigation destination would lead to the fifth implementation level. Here, speech-based input should be used as the
primary modality and touch-based input as the secondary modality since multiple steps are required for operation.
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At the fifth level, multiple operation steps are allowed. The distinction between primary and secondary HMI modality
can be found at every level at the decision tree. The idea is that the primary HMI modality should be used as the
primary way to access a function. Secondary modalities either act as backup (for example when speech-based input
is not feasible) or additional ways to control the function. As the first implementation level includes safety-relevant
functions (e.g. horn, lights) no secondary modalities are allowed and only physical controls must be used. On the
higher levels, secondary modalities are allowed and on levels four and five these should be suitable for the task’s
complexity. Functions with multiple steps (e.g., navigation address entry) should use touch-based input instead of
physical controls as the secondary modality. Only if only one step is needed (e.g., dialing via a shortcut), physical
controls are recommended as the secondary modality.

In the second step, the actual implementation of the function, i.e., through which HMI type and with how man
operation steps it can be accessed, is compared to the required, optimal implementation. This is done in a
comparison table that structures the decision process. First, the number of operation steps is checked. Only at levels
1 — 3, this can result in an “unacceptable” if more than one operation step is used. At levels 4 and 5 more steps are
deemed “suboptimal”’. Ideally, the same number of steps is used. Next, the use of the primary modality is checked.
Again, at levels 1 — 3, the primary modality must be used whereas at levels 4 and 5 this is optional but no using the
primary modality results in a “suboptimal”. Finally, at levels 4 and 5, if the primary modality is not used, the secondary
modality must be suitable for the complexity of the function. Otherwise, the function implementation is
“unacceptable”. Note that the final step of the comparison also includes a check that no forbidden secondary
modalities are used for level 1 functions.

As part of module Il b, a detailed definition of the used terms (“modality”, “directness”, and “operation steps”) is
provided to create a common understanding. This approach is similar to the provision of definitions in the
assessment scope (see section 5.2.1).

Within each level, the modalities are arranged in a hierarchy. The primary modality is listed first, followed by the two
remaining modalities acting as secondary modalities. To create this arrangement, the studies listed in the chapter
on modality choice (see section 4.4) were used. On levels 5 and 4, speech acts as the primary modality, which is
followed by touch as the secondary modality for complex tasks (2+ steps) and physical controls for simple tasks (1
step). This follows the recommendation of Ma et al. (2022) to use a multimodal approach of speech- and touch-
based HMIs for very complex tasks. Physical controls were not recommended for complex tasks. The validation
process revealed this idea to be correct as speech- and touch-based interfaces are most suitable for complex tasks.
From levels 3 to 1, physical controls are used as the primary modality as all functions are safety-relevant either due
to their distraction potential (level 3) or proximity to the driving task requiring timely reactions (level 2 and 1).
Furthermore, at levels 3 and 2, speech is used as the first-level secondary modality before touch as it allows for a
function operation without using visual-manual resources. This was largely validated by the validation process as
speech-based interfaces offer nearly distraction-free function operation. Physical controls and touch-based
interfaces performed on a similar level in the validation, however, as our approach of physical controls was very
specific, the results must be treated cautiously. Therefore, and based on assumptions of optimal operability (see
section 3.5; Figure 1) as well as the literature on modality choice (section 4.4), physical controls are preferred over
touch-based interfaces as the secondary modality. On level 1, touch- and speech-based interfaces must not be used
because of the safety criticality of these functions.
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6 Empirical Validation: Method

The checklist is intended to serve as an evaluation tool for in-vehicle HMIs used for the operation of functions both
related and unrelated to the driving task. For this purpose, we developed items based on existing criteria collections
that we deemed to be relevant for low-distraction and safe-to-use HMIs. Moreover, to enable a quantitative
assessment, a five-point rating scale was designed for every item.

An empirical validation employing a driving simulator experiment and generic HMIs was carried out to accomplish
three objectives. First, to verify that a given item, on a general level, is relevant regarding driver distraction and safe
function operation. Second, for items that are found to impact driving performance, their relative effects were
compared and a weighting factor representing their impact was assigned. The third objective lies in comparison of
modalities (physical controls, touch-, and speech-based HMIs) with respect to the operation task. According to the
literature (see chapter 4) for a simple task, driving performance should be best for physical controls and worst for
the touch-based HMI. For complex tasks, however, the speech-based HMI should be the best, followed by the
touchscreen and physical controls performing the worst.

The driving simulator study will be described in more detail in the following sections. This includes descriptions of
the experimental design and materials that were used. The results of the study are described in chapter 7.

6.1 Participants

The final sample is comprised of N = 130 participants (74 male, 55 female, 1 not specified). On average, they were
M =39.8 years old (SD = 19.0 years; range: 18 — 81 years). They held their driver's license for M = 22.5 years
(SD = 18.9 years). Most participants (30 %) reported an annual mileage between 12,000 and 30,000 km. Most of
them described their driving style as rather calm (53.1 %) and rather considerate (73.1 %).

The experiment was conducted in 13 groups of n = 10 participants for an appropriate experimental length (see
section 6.2). There were no differences in gender split between groups, however, there was a difference in age
(p = .046). The average age of participant groups ranged from 30 to 47.4 years. To account for potential biases,
countermeasures were taken in data analysis, which are described in section 7.1.

Participants were recruited via the participant pool of TU Braunschweig. The recruitment strategy aimed to ensure
a diverse sample with respect to age distribution and prior (in-vehicle) HMI experience. All participants had to
possess a valid driving license to take part in the study.

6.2 Design and Measures

The experiment incorporates a three-factorial mixed-design (HMI type (3) x operation task (2) x checklist items (on
average 17 per modality)). The experimental design is shown in Table 8. In total, there are 51 HMI checklist items,
comprising 12 items for physical controls, 23 items for touch-based interfaces, and 16 items for speech-based
interfaces. Each item represents a different interface design aspect within an HMI type. However, participants did
not experience all combinations of the three factors. Instead, only four items of a single HMI type were tested in
group of n = 10 participants (except for one group where only three items were tested). As a result, 13 participant
groups were needed to cover all 51 items. This was done to keep the length of the experiment at roughly 90 minutes
and to prevent fatigue.

For each item, an optimal implementation (score of 0 on the five-point rating scale) was compared against the
suboptimal implementation (score of 3 on the five-point rating scale). To achieve this, generic interfaces were
deployed. The optimal implementation was tested in a reference version where all items (interface design elements)
of the HMI modality were optimal. Thus, a single measurement simultaneously captured the performance level for
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all items at the optimal level. For each suboptimal implementation, however, a separate measurement was required
per item, with all remaining items held at the optimal level.

Table 8: Experimental Design
Group Reference Version ltems tested

HMI Type (Every item per HMI type (Suboptimal Implementation per
(n=10) optimally implemented) individual item)

1 M1-PC-1, M1-PC-3, M1-PC-4, M1-PC-5
All 12 items optimal M1-PC-2, M1-PC-6, M2-PC-1, M2-PC-4
M2-PC-2, M2-PC-3, M2-PC-5, M2-PC-6
M1-TB-3, M1-TB-5, M1-TB-10, M1-TB-11
M1-TB-1, M1-TB-2, M1-TB-4, M1-TB-6
M1-TB-7, M1-TB-8, M1-TB-9, M1-TB-12
All 23 items optimal M1-TB-13, M2-TB-1, M2-TB-3,

Physical Controls
(12 items)

O N

Touch-Based HMI

(23 items) 7 .
(no item code: Gesture Control)
8 M2-TB-2, M2-TB-4, M2-TB-6, M2-TB-7
9 M2-TB-5, M2-TB-8, M2-TB-9
10 M1-SB-3, M1-SB-5, M1-SB-6, M1-SB-7
Speed-Based HMI 11 M1-SB-1, M1-SB-2, M1-SB-4, M2-SB-3
) All 16 items optimal
(16 items) 12 M2-SB-2, M2-SB-5, M2-SB-6, M2-SB-7
13 M2-SB-1, M2-SB-4, M2-SB-8, M2-SB-9

Note. Items referenced by their item code. For a full description see Appendix A. Group = Participant group.

Please note that the implementation of the design elements in the generic interfaces (see section 6.3.2) is just one
specific variant of an interface design in a very specific simulator setting. Even with the checklist, there remains a
high degree of freedom in implementing functions into HMIs. Therefore, the results need to be interpreted cautiously.
For improved clarity, the specific operationalization of each tested design aspect is provided in Appendix B.

Two generic function operation tasks were employed that were derived from the decision tree (see section 5.2.3;
Figure 5). The first task, indicating at a lane change, corresponds to the first level of the decision tree. The use cause
is external and the time frame requires immediate operation. The second task, dialing a phone number and calling
it, corresponds to the fifth level of the decision tree. The use cause is internal and the task is rarely executed. As a
result, the first task is of low complexity and can be done in a single step whereas the second task is of high
complexity requires multiple steps. Besides the two function tasks, the operation of a radio with physical controls
was included to act as a benchmark.

Dependent measures included both driving and function operation performance indicators. Driving performance was
measured via the Lane Change Task, a standardized measure of distraction (see section 6.3.1; International
Organization for Standardization, 2010). It consists of the two sub-tasks of lane keeping and lane changing (see
Huemer & Vollrath, 2010). For both, the mean deviation from an ideal trajectory was calculated. For lane keeping,
the standard deviation from the ideal trajectory was additionally calculated. For the lane change, the reaction time
was additionally measured from the point when the lane change sign became visible to the first steering input.
Operation performance was measured by the experimenter who counted the number of tasks completed and the
number of errors. After each trial, participants were asked to evaluate how well they could operate the function and
as how distracting they perceived the operation process. The measures collected by the experimenter represent
objective operation quality, the measures from the participant subjective operation quality. All dependent measures
and how they were analyzed are described in more detail in section 7.3.1.
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6.3 Materials

6.3.1 Lane Change Task

The Lane Change Task (International Organization for Standardization, 2010) is a standardized procedure designed
to quantify the secondary task demand when interacting with in-vehicle HMIs. The task employs a simplified driving
simulation in which participants drive along a three-lane road with no other traffic. They are instructed to keep a
constant speed of 60 km/h, which cannot be exceeded. The lane changes are indicated by traffic signs positioned
at both sides of the road. These appear at regular intervals (approximately 150 m apart) and become legible at a
distance of 40 m. Once the driver has recognized the target lane from the sign, they must execute the lane change
as quickly and accurately as possible.

Each trial consists of 18 randomized lane changes, combining different directions and lane change magnitudes (one
or two lanes), and takes approximately 3 minutes to complete. The task can be split up into two sub-tasks: lane
keeping segments between signs, similar to tracking tasks, and lane change segments that function as choice
reaction tasks (see Huemer & Vollrath, 2010). To measure driving performance, the mean deviation from the ideal
trajectory is calculated. For the sub-tasks, additional measures are collected. For the lane change, reaction time
from the point when the lane change instruction becomes visible to the first steering input is measured. For lane
keeping, the standard deviation from the ideal trajectory is computed.

While the LCT can be used to successfully differentiate between various types of distraction (e.g., Kurtz et al., 2021;
Maciej & Vollrath, 2009), research has found several limitations regarding its validity. One concern is the
considerable variation in baseline performance across different studies. For example, Young et al. (2011) reported
persistently high mean deviations of 1.6 m. In other studies, the baseline performance is much lower with a mean
deviation of only 0.64 m (Weir et al., 2007). Therefore, it is difficult to compare the results across different studies.
However, this concern is of minor relevance here, as performance was not compared against other studies'
baselines. Instead, participants' dual-task performance was compared against their own baseline via computing
change scores (see section 7.3.1). Statistical control for differences between participant groups was additionally
achieved through mixed models with random effects at the individual and group level.

Recent research by Morgenstern et al. (2023) indicates that the LCT's standard parameter (mean deviation) is less
sensitive in discriminating between different types of distraction (visual-manual vs. cognitive) compared to newer
methods such as the Box Task (Trommler et al., 2021) combined with the Detection Response Task (International
Organization for Standardization, 2016). However, for the present study, this limitation is of minor relevance: the
primary aim was not to separate distraction types, but to detect overall performance differences between HMI types
and optimal and suboptimal HMI implementations. Moreover, the DRT itself represents an additional secondary task
that could interfere with the HMI performance measures, and it explicitly excludes the measurement of primary
driving task performance (such as lane keeping), which is a central outcome in the present study.

Furthermore, learning effects have been documented in several studies (Petzoldt et al., 2014), affecting both LCT
performance and secondary task execution. These learning effects may negatively impact test results when
participants are repeatedly recruited for LCT studies. However, in the present study each participant was only tested
once, so carry-over learning effects across studies are not a concern. Within-session learning was mitigated by
following the training recommendations of ISO 26022:2010: participants completed four LCT training trials (without
a secondary task, thus driving only) and additionally practiced the secondary tasks (without driving) and the dual-
task combination before data collection began (see section 6.5).

Despite these limitations, the LCT remains a well-established and appropriate tool for the purposes of the present
study. Originally developed by Mattes (2003) within the Advanced Driver Attention Metrics (ADAM) project, it was
explicitly designed to investigate how HMI distract the driver, a goal which aligns with the present study's aim of
comparing the effects of HMI types and design aspects on driver distraction. Its adoption as ISO 26022:2010
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(International Organization for Standardization, 2010) reflects methodological consensus on its suitability for HMI
safety evaluation. Furthermore, the LCT has demonstrated sensitivity to distraction differences between in-vehicle
systems across a range of studies (e.g., Burns et al., 2005; Harbluk et al., 2007; Maciej & Vollrath, 2009). Its traffic-
free, controlled environment minimizes situational confounds and ensures that observed performance differences
can be more accurately attributed to the secondary task rather than external factors. Initial validation of the LCT
within the ADAM project further demonstrated that LCT performance correlates with lane position variability
measured in real on-road driving (r = .72; Breuer et al., 2003), supporting the ecological validity of the measure.
Finally, its low-cost, PC-based setup made it feasible to test the large number of HMI types and design aspects in
this study (see section 6.2).

6.3.2 Generic Human Machine Interfaces

Three generic HMIs (physical controls, touch-based, speech-based) were created to simulate the operation of select
vehicle functions. The foundation of each HMI is an app that was programmed in Apple Xcode (Apple Inc., 2024).
The app ran on an iPad Air M2 with a screen size of 12.9 inches. The base version of each interface is the so-called
reference version. Here, every interface design aspect is optimal, i.e., every checklist item can be rated with “0” (no
deviation from the optimal implementation). The basic experimental setup was the same for every interface and is
shown in Figure 6. The driving simulator was always equipped with buttons on the steering wheel and with the tablet
placed on the table to the right of the driver. This was done to standardize the experimental setup across conditions.

Figure 6: Basic driving simulator setup used for all three generic HMIs (physical controls, touch-based,
speech-based).

The physical controls and their visual interface are shown in Figure 7. To control the functions, the buttons on the
steering wheel are used and visual and auditory feedback are provided by the iPad. The physical control elements
are made up of an Xbox Adaptive Controller, to which buttons and triggers are connected. The simple function can
be activated with a single button click while the more complex task requires a tracking operation that is controlled
via the D-Pad and follow-up interactions with other buttons to fulfill the task.
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Figure 7: Physical controls: Physical steering wheel controls (left) and software interface (right).

The touch-based interface is shown in Figure 8. It uses a central home menu from which individual sub-menus can
be accessed. Within each sub-menu, several functions of a function group can be controlled. For the simple task, a
large virtual button must be pressed with a single tap. The more complex task requires repeated presses of small
buttons in the correct order to achieve the task. Like with physical controls HMI, visual and auditory feedback are
provided via the iPad.
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Figure 8: Touch-based interface: Touch interface used for the simple task (left) and complex task (right).

Finally, the speech-based interface is shown in Figure 9. The interface can be operated hands-free and is activated
via a keyword. Once it recognizes the keyword, it indicates that it is ready to receive commands for function
operation. Both the simple and complex functions are controlled by using a single command which then activates
the target function. While the interface also provides visual and auditory feedback, the key feedback is spoken
feedback indicating that the function has been successfully operated.
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Figure 9: Speech-based interface: Software interface.

6.4 Secondary Tasks

As stated in the description of the experimental design (see section 6.2), two function operation tasks were
employed. The first task was a simple task with an external use case that required immediate operation in a single
step. The complex task had no external use case and required multiple operation steps. Both generic tasks had to
be adapted so that they could be incorporated into all three generic interfaces (physical controls, touch-, and speech-
based).

For the first task, it was important that the external cause was provided by the LCT driving simulation. As a result,
the simple task was designed as an indicator task, which is fitting since the LCT centers around lane changes.
Participants had to activate the indicator that corresponds to the lane change required by the LCT. While this is not
representative of indicating in real life, it does represent the immediate single-step task nature well. For physical
controls, buttons on the steering wheel needed to be pressed to activate the indicator. In the touch-based interface,
large indicator buttons needed to be tapped. Finally, the speech-based interface used a direct voice command like
“Indicate left!” to activate the indicators. All interfaces flashed the indicator three times. For feedback, the indicator
arrow lit up green and made ticking sounds like in a real car. The implementation of the simple task in each interface
type can be seen in more detail in the operationalization documentation (see Appendix B).

For the complex task, a phone number dialing and calling task was employed. Participants dialed in an 11-digit
phone number, which was announced in four- and three-digit blocks by the experimenter. After dialing in the number,
the call had to be started. When the connection was established, the call should be hung up. For physical controls,
the dial pad was activated with a single button press. Then, the individual digits had to be selected with moving a
selector across the dial pad with the D-pad. Once the correct digit had been reached, a button was pressed to input
the number. When the number was fully typed in, the call was initiated with a separate button. Cancelling was also
done with a separate button. In the touch-based interface, the dial pad was activated by pressing a touch button and
the digits could then be individually tapped. Once the number was dialed in, the call was started with a calling-button.
Finally, the speech-based interface required a single command where the participant stated they wanted to call the
number which was announced by the experimenter. The implementation of the complex task in each interface type
can be seen in more detail in the operationalization documentation (see Appendix B).
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6.5 Procedure

After arriving in the lab, participants were informed about the experiment and were asked to fill out the informed
consent form to take part in the study. Then, a demographic questionnaire was handed out containing questions
regarding age, gender, socioeconomic background, and driving experience.

Next, participants were informed about the LCT and the function operation tasks. Also, the structure of the
experiment was explained to them. In accordance to ISO 26022:2010 (International Organization for
Standardization, 2010), before the actual measurements started, a practice block was held. Here, participants
completed four training trials of the LCT without a secondary task. Then, only the secondary tasks were trained until
they felt comfortable with function operation. For the generic interfaces, both the reference version as well as the
interface design aspect test version were trained. Also, the operation of the radio was trained. Finally, three dual-
task trials were completed where participants had to drive and operate the indicator, the phone (both in the reference
version), and the radio.

Upon completion of the training, the experimental block and data collection began. For a first baseline measurement,
participants completed one LCT trial without any secondary task. Next, the LCT driving performance was measured
while concurrently operating functions. In a randomized order, participants operated the simple or complex task
either via the reference version of the interface or via one of the four design aspect test versions. Also, one trial
included the operation of the radio. After the block of function operation trials, a second baseline measurement of
the LCT was carried out. Thus, participants had to complete a total of 11 measurement trials. In each trial, driving
performance and function operation performance were measured.

After completing the measurements, participants filled out a post-questionnaire regarding their experience with in-
vehicle HMIs and function operation. Participants were then thanked for their participation and compensated with
15 € or study credit. The duration of the experiment was around 90 minutes.
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7 Results

As part of the empirical evaluation of the HMI checklist, generic interfaces were used to operate a function of low
and high complexity. The effect on driver distraction was measured via the changes in driving performance and
function operation performance. The goal was to investigate which HMI type is best suited to operate the low and
high complexity function. Furthermore, the effects of the design aspects within each HMI modality on driver
distraction and function operation performance were measured.

The results are split into two sections. The first section focuses on the effect of the HMI modality on driving
performance with respect to task complexity (see section 7.2). For this general overview, the reference version of
the interfaces is used. The second part analyzes the effect of the design aspects on driving and operation
performance in comparison to no distraction (baseline), radio operation, and the reference version (see section 7.3).
Each interface design aspect is then discussed and its effect on the simple and complex tasks are described. Both
driving performance and function operation performance (objective and subjective) will be evaluated. For this
detailed discussion per aspect, only the comparison to the reference version is used.

7.1 Driving Performance Measures and Data Preparation

Three measures of the LCT are used to describe the driving performance. The mean deviation (MDev) measures
the driver’s lateral deviation from the ideal trajectory over the complete LCT trial. Thus, it includes both sub tasks of
lane keeping and lane changing. For lane keeping only, the standard deviation of lateral position (SDLP) describes
the lateral deviation from the ideal trajectory. For lane changing only, the reaction time (RT) was computed between
the moment the lane change sign became legible and the first steering input greater than five degrees. MDev and
SDLP are used for measuring visual-manual distraction, while RT is used for measuring cognitive distraction.

The experimental design (see section 6.2 for the detailed description) is nested so that every participant only
experienced four of the 51 interface design aspects. Four interface design aspects were measured with a sub sample
of n=10 people. As a result, 13 groups were needed to cover all 51 aspects. This proposes a challenge where each
individual aspect has a sample size of n = 10 and where the four aspects of the same group are within-subjects and
the remaining aspects are between-subjects. Additionally, the sample size for the reference version is greater than
for the individual aspects as every group of the same modality experienced the reference version. Therefore, the
design is nested and unbalanced, which requires an appropriate modelling approach. Also, there were differences
in age (p = .046) and baseline driving performance (p = .026) between the participant groups.

For the data analysis, first, change scores were computed to address the significant differences in baseline driving
performance. Here, for every driving performance measure (MDev, SDLP, RT), the baseline driving performance
was subtracted from the driving performance of each trial where functions were operated. This was done to account
for differences in individual baseline performance. Second, a mixed model approach was implemented with random
intercepts at the individual and group level to address both the nested and unbalanced data structure as well as
significant differences between participant groups. The random intercept on the individual level was applied to
account for potential differences in the participant’s ability to operate functions both on its own (without driving) and
concurrently while driving. As the age differed significantly between groups, we assumed that younger participants
who grew up with digital technologies might perform better at operating functions solely and when driving in parallel.
Also, with higher age, motor abilities decrease which could have affected our results. Third, a random intercept on
the group level was realized to account for potential covariance structures between the four interface design aspects
that were measured within each group. The change score and mixed model approach will be used for most of the
following analysis, except for the overview in section 7.2.1.
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7.2 HMI Type and Task Complexity: Effects on Driving Performance

The first part of the validation of the HMI checklist focused on the effect of HMI type (physical controls, touch-based,
and speech-based) and task complexity (simple, complex) on driving performance. More importantly, we wanted to
investigate how both aspects interact with each other so that the most suitable interface for low and high complexity
tasks can be derived. For this general overview, the reference version of the interfaces was used where all design
aspects are implemented optimally.

7.2.1 General Overview: Simple and Complex Task Operation via Physical Controls, the Touch-
Based and Speech-Based Interface

For a descriptive overview, Figure 10 depicts the driving performance measures referring to lateral deviation (MDev,
SDLP). The dotted lines indicate baseline driving performance. Driving performance is shown for all combinations
of HMI type (physical controls, touch-based, speech-based) and task complexity (simple, complex). In both
measures, driving performance differed between all conditions: MDev: F(7, 384.27) = 60.73, p < .001, n?p = .53,
SDLP: F(7, 309.58) = 25.69, p < .001, n?p = .37. For MDev, operating the simple and complex task via the speech-
based interface had only a small effect on driving performance, essentially staying at the baseline level. Next, there
is a plateau of radio operation and the operation of the simple task via physical controls and the touch-based
interface. Then, driving performance gets worse with operating the more complex task (increased MDev). Here,
physical controls led to a greater decline in driving performance compared to the touch-based interface. Physical
controls have larger confidence intervals compared to the other interface types. For SDLP, the driving performance
was on the baseline level for the simple task for all three HMI types. However, the complex task led to a decline in
lane keeping performance. Here, the speech-based interface is near the baseline, however, physical controls and
the touch-based interface performed on similarly worse level.
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Figure 10: Lateral driving performance for every combination of task (simple, complex) and HMI type
(physical controls, touch-based, speech-based). Baseline performance indicated by dotted line. Sorted in
ascending order by MDev. RV = Reference version.

Two key factors explain the lateral deviations shown in Figure 10. First, for the tasks, not only did their complexity
vary in the number of steps needed for completion, but also their temporal structure over the complete LCT trial. The
simple task, which was designed as an indicating task, was done at every of the 18 lane changes in a trial. As result,
per trial, participants only interacted with the function at very specific time points (at the beginning of the lane
change). On the remainder of the trial, they could focus on keeping their lane. In contrast, radio operation and
operating the complex task were done continuously both during the lane change and lane keeping phase. Therefore,
the function operation frequency was much higher and both the lane keeping and lane changing phases were
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affected. As a result, there is a large disparity between the tasks in SDLP, which only measures lateral deviation in
the lane keeping phase. In the simple task condition, participants did not operate the function in this section of the
trial. Hence, the deviation is on baseline level. This difference in task complexity and temporal structure can also be
applied to MDev, which additionally covers lane changing. As the simple task required less steps and was done
much less frequently, driving performance was better compared to the complex task. Second, the specific
operationalization of the interfaces, especially of the physical controls, must be considered. As stated in the
description of this type of interface, the location and control elements itself are diverse. As a result, the buttons and
their placement on the steering wheel in our experiment are just one specific design of such an interface. Additionally,
the LCT driving task is quite sensitive to steering inputs as they alter the deviation from the ideal trajectory. This is
most likely why physical controls performed worse than the touch-based interface (complex task) or the radio and
exhibit larger confidence intervals. Our experiment is concerned with concurrently performing a driving maneuver
and operating functions via steering wheel controls. In real life, driving maneuvers are not constantly carried out, as
is function operation via the steering wheel. Also, it is unlikely that driving and operating the function always happen
concurrently. Instead, drivers are likely to do the tasks successively. Towards deviations from an ideal trajectory, in
real life, these can be easily corrected and roads are usually wide enough to account for such errors. Another aspect
to consider is the operation strategy of the participants as the confidence intervals for physical controls are broader
than for touch- or speech-based interfaces. Participants differed in how they reached the element (leave hand on
steering wheel an operating with thumbs vs. taking hand off steering wheel and operating with finger). As a result,
our specific implementation of physical controls (steering wheel buttons, constantly operating performing driving
maneuvers with no room for error) must be carefully transferred to other physical controls on, for example, the
dashboard or center stack.

Figure 11 provides an overview of the reaction time (RT) for all combinations of interface type (physical controls,
touch-, and speech-based) and task complexity (simple, complex). The dotted line indicates baseline reaction time.
All conditions influenced RT, F(7, 375.43) = 32.40, p < .001, n?p = .38. Speech-based operation is on baseline-level.
This is followed by the radio. Touch-based operation of both tasks and the physically controlled simple task are on
a plateau. Finally, the physical operation of the complex task led to the worst reaction times. As with the lateral
deviation measures (MDev, SDLP), physical controls led to larger confidence intervals. RT was included to measure
reaction time in the sense of cognitive processing time. However, as it was measured via the first steering input
greater than five degrees after the lane change sign became legible, it can be affected by any factor that prolongs
the steering input, only one of which cognitive distraction. Cognitive distraction would only be appropriate to consider
for the speech-based interface. However, as RT is on baseline level, there appears to be no noticeable distraction.
Physical controls, on the other hand, strongly interfered with steering input. This is presumably because steering
and indicating (simple task) had to be done concurrently, as soon as the lane change sign became visible. Hence,
the prolonged time to the first steering input is probably more of a manual interference than a cognitive distraction.
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Figure 11: Reaction time for every combination of task (simple, complex) and HMI type (physical controls,
touch-based, speech-based). Baseline performance indicated by dotted line. Sorted in ascending order by
MDev. RV = Reference version.
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7.2.2 Interaction Between HMI Type and Task Complexity

As seen in the overview, both the HMI type as well as task complexity affect driving performance and therefore driver
distraction. Starting with the following analysis, the change score and mixed model approach will be employed (see
section 7.1).

Figure 12 depicts the MDev interaction diagram for both tasks (simple, complex) and all three HMI types (physical
controls, touch-based, speech-based). An ANOVA revealed significant main effects of modality, F(2, 10.08) = 6.06,
p = .019, n?’p = .55, task complexity, F(1, 127.58) = 61.45, p < .001, n?®p = .41, and an interaction thereof,
F(2,127.30) = 8.81, p > .001, n?p = .15, on the change score of MDev. Next, contrasts were calculated between all
pairs of HMI modalities for each task. For the simple task, there were no differences between any pair of modalities
(all p > .05). For the complex task, there were differences between the speech-based and the touch-based interface
(p = .006) as well as to physical controls (p < .001). Physical controls and the touch-based interface did not differ
from one another (p = .122). As stated previously, MDev represents the deviation from the ideal trajectory for both
the lane change and lane keeping phases.

For the simple task, which required just one step and was performed only 18 times throughout a single trial, all HMI
modalities resulted in the same level of distraction. Thus, participants were able to concentrate on driving for the
majority of the trial and were rarely distracted by operating the simple function. It is therefore not surprising that there
are no differences in MDev. As expected, the differences become more noticeable as the task becomes more
complex (multiple operation steps) and has a higher operation frequency (continuous instead of 18 times per trial).
For the complex task, the speech-based interface led to the best driving performance, followed by the touch-based
interface and physical controls, which performed the same. This is somewhat surprising since we expected that
physical controls would perform worse than the touch-based interface (see section 4.4). The results indicate that the
attention allocation and manual input required appear to be similar between both interfaces. One could argue that
physical controls and their visual interface require more visual tracking between three places (road, buttons, screen)
whereas the touchscreen only has two visual areas of interest (road, screen). However, the results show that in turn
the manual input was more demanding for the touchscreen (reaching for the screen and tapping precisely) compared
to the buttons (both hands stay on the steering wheel, buttons themselves can be felt, press does not have to be
precise).
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Figure 12: Interaction diagram for task (simple, complex) and HMI type (physical controls, touch-based,
speech-based): Mean deviation (MDev) change score.
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Figure 13 shows the SDLP interaction diagram for both tasks (simple, complex) and all three HMI modalities
(physical controls, touch-based, speech-based). Just like for MDev, an ANOVA showed main effects for modality,
F(2,10.37) =7.30, p =.010, n?p = .58, task complexity, F(1, 130.31) = 73.38, p < .001, n?p = .36, and an interaction
of both factors, F(2, 129.54) = 7.69, p < .001, n?p = .11, on the change score of SDLP. Contrasts revealed no
differences between modalities for the simple task (all p = 1.000). As for the complex task, however, there were
differences between the speech-based and touch-based interface (p < .001), and the speech-based interface and
physical controls (p < .001). There was no difference between physical controls and the touch-based interface
(p =1.000).

As the SDLP only measures the deviation in lane keeping phases, it is fully within expectation that there are no
differences between modalities for the simple task. During lane keeping, participants were not operating the simple
task and could focus on following the ideal trajectory. Hence, driving performance is at baseline level. In contrast,
operation of the complex task exhibits a clear difference between modalities. As with MDev, the speech-based
interface resulted in the best driving performance, physical controls and the touch-based interface led to significantly
more distraction. In both the MDev and SDLP interaction diagrams, the interaction of modality and task can be seen
in the slopes of the graphs. For the speech-based interface, the slope from the simple to the complex task is rather
shallow, indicating that speech-based function operation not really affected by the level of task complexity. On the
other hand, the touch-based interface and physical controls are more sensitive to an increase in task complexity.

0.4 1

0.3 1

0.2 1

Change Score SDLP [m]

Sin%ple Com'plex
Task

-~ Physic. Touch -® Speech

Figure 13: Interaction diagram for task (simple, complex) and HMI type (physical controls, touch-based,
speech-based): Standard deviation of lane position (SDLP) change score.

Finally, Figure 14 depicts the RT interaction diagram for both tasks (simple, complex) and every HMI type (physical
controls, touch-based, speech-based). An ANOVA revealed a main effect of modality, F(2, 9.94) = 8.88, p = .006,
n’p = .64, and task complexity, F(1, 114.61) = 8.86, p = .004, n?*p = .07, and an interaction of both factors,
F(2,114.44) = 6.43, p = .002, n?p = .10, on the change score of RT. The interaction can be clearly seen in the
diagram: When switching from the simple to the complex task, only physical controls exhibit prolonged RT. Contrasts
only show a difference between the touch- and speech-based interface for the simple task (p = .007) and only
between physical controls and the speech-based interface for the complex task (p < .001). As a result, there is no
clear pattern between the interface types in RT when operating tasks of varying complexity. From a descriptive
perspective, the speech-based interface performs the best and is unaffected by task complexity. Physical controls,
on the other hand, lead to longer RT when task complexity increases. This is not surprising since the MDev and
SDLP also exhibited the worst results (at least descriptively) for physical controls. Although RT is often used to
capture cognitive distraction, in our study this can only be applied to the speech-based interface. For the visual-
manual interfaces, the reaction time in the LCT is mainly affected by manual interference that delays the first steering
input, thus not depicting cognitive distraction.
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Figure 14: Interaction diagram for task (simple, complex) and HMI type (physical controls, touch-based,
speech-based): Reaction time (RT) change score.

To sum up, the speech-based interface stands out positively in all three driving performance indicators (MDev,
SDLP, RT). It consistently led to the least deviation from the ideal trajectory in both the lane change and lane keeping
phases for the complex task. It also led to the quickest steering responses (RT) at the beginning of the lane change
phase in both tasks. Physical controls and the touch-based interface led to worse RT for both tasks and worse lane
deviation (MDev, SDLP) for the complex task. Although the results can be used to identify the best interface for the
complex task, which is the speech-based one, it cannot differentiate between the modalities in the simple task. For
one, this is due to the design only requiring the simple task to be performed at very specific time points during the
whole trial. As a result, the MDev represents predominantly driving on its own and only somewhat driving and
function operation in parallel. For another, the simple task competed with the initiation of the lane change. As result,
the conclusion that for simple tasks all interfaces are equally suitable only applies for this very specific LCT driving
context. However, this context does not resemble real life driving scenarios adequately. We strongly advise
considering the results of other studies clearly indicating that physical controls or speech-based interfaces should
be used for the operation of simple functions.
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7.3 Interface Design Aspects (Implementation Quality): Effects on Driving Performance and
Function Operation Quality

The interface design aspects refer to design principles that should be respected when implementing a function via
the corresponding HMI type. Therefore, they are closely linked to the implementation quality of a given function. For
the validation, the effect of a suboptimal implementation on driving performance and function operation quality was
measured. Both driving performance and operation quality are made up of several dimensions (measures). To
evaluate a given design aspect, all variables must be taken into account across both operation tasks (simple and
complex). To this end, a data aggregation and analysis strategy was developed, which will be described in the next
section. Thereafter, the individual design aspects per HMI modality are analyzed in comparison to three reference
distraction levels: baseline (no distraction), radio (acceptable distraction), and reference version (reference level of
distraction for the interface type). Finally, each design aspect and the effect of its suboptimal implementation are
discussed. Driving performance and operation quality (subjective and objective) will be compared against the
reference version of the interface, in which the design aspect was implemented optimally. In other words, the
suboptimal implementation is directly compared against its optimal counterpart.

7.3.1 Measures, Data Analysis Strategy, Scoring System, and Aspect Sorting

The effect of the interface design aspects on driving performance and operation quality was evaluated. Driving
performance was measured with the very same LCT dimensions used in the general overview (see section 7.2).
Mean deviation (MDev) and standard deviation of lane position (SDLP) describe the deviation from an ideal
trajectory, reaction time (RT) measures the reaction time between the lane change sign becoming legible and the
driver’s first steering input greater than five degrees.

Operation quality was measured both subjectively and objectively. For subjective operation quality, participants were
asked how well they could operate the function via the interface (ease of use; EoU) and as how distracting they
perceived the operation process (perceived distraction; Distr). Subjective operation quality was measured for both
the simple and complex task. Objective operation quality was measured by the experimenter. For the simple task
(indicating), the number of missed signals (Misses; Miss) and errors (Error) were counted. For the complex task
(phone number dialing), the number of inserted numbers (N) and errors (Error) were counted.

To capture the effect of a design aspect’s suboptimal implementation, contrasts were computed between the
interface design aspect’s test trial and three distraction reference levels: baseline (no distraction), radio (acceptable
distraction), and reference version (reference distraction for the interface type). Contrasts were calculated for driving
performance (MDev, SDLP, RT) and operation quality (simple task: EoU, Distr, Miss, Error; complex task: EoU,
Distr, N, Error). To describe the effect more precisely, both the 80% and 95% confidence interval for the differences
were computed. Three outcomes are possible, depending on the position of the difference’s zero relative to the
confidence intervals:

— No difference (Zero both in 80% and 95% confidence interval, p > .20)
— Possible difference (Zero not in 80% but in 95% confidence interval, .05 < p < .20)
— Significant difference (Zero neither in 80% nor 95% confidence interval, p < .05)

Next, a scoring system was applied that translates the dual-contrast outcomes into a contrast value. The contrast
value also indicates the relative position of the interface design aspect’s effect in relation to the distraction reference.
Negative values indicate deterioration in driving performance and operation quality, positive values an improvement.

— No difference: 0 points
— Possible difference: 1 point
— Significant difference: +2 points
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Finally, the contrast values for the driving performance and function operation measures were summed up. The
resulting driving performance and function operation sums were then used to generate two scores, which we named
penalty and net score. The net score (1) inverses both sums so that performance improvements result in negative
values and detriments in positive values. Furthermore, driving performance is double-weighted compared to
operation quality. As both tasks, simple and complex, have their own performance sums for driving and function
operation, the score averages are used for the calculation. The net score ranges between -0.9 and +0.9 points.

Net = 0.10 - (—=Sumpp, apg) + 0.05 - (—=Sumpp, apg.) (1)

Sumpr avg. = Average of driving performance sums of both tasks
Sumopr avg. = Average of operation performance sums of both tasks

Building upon the net score, a penalty score (2) was derived. The penalty score is used as the weighting factor in
the checklist. Instead of performance sum averages, the penalty score is based on the worst driving performance
and operation performance sum of the two tasks. Also, it only takes negative values into account, i.e., only
performance detriments are considered. Finally, the penalty score has a base value of 1 so that the multiplier never
reduces the ticked value on the item’s five-point rating scale. The penalty score ranges between 1 and 1.9 points.

Penalty =1+ 0.10 - max(O, —Sumpp, wc) + 0.05 -max(O, —Sumgp, WC) (2)

Sumprwc = Worst case of driving performance sums of both tasks
Sumor wc = Worst case of operation performance sums of both tasks

Finally, the driving performance sum average (Sumbpe, avg), part of the net score (1), was standardized to range
between 1 (worse in all driving performance metrics) and -1 (improvement in all driving performance metrics). This
standardized driving performance sum average (DP Avg.) will be used as the primary measure for the aspect
overview discussion (e.g., section 7.3.2.1 for physical controls). Here, a comparison to all three distraction reference
levels (baseline, radio, reference version) is made based on DP Avg. Also, a detailed comparison to the reference
version containing the net and penalty score as well as the affected tasks is provided. This more detailed comparison
is not made to the baseline and radio operation. This is due to the operation quality not being included in the baseline
distraction level (no function operation) and the radio distraction level (only subjective but no objective operation
quality). Both would be needed for calculating the penalty and net score.

For easier orientation, an overview of the scores is provided in Table 9. For each score, it is described what it
represents, i.e., if it is concerned with driving/operation performance of an aspect’s suboptimal implementation. The
table then also sums up how the score is calculated and what it is ultimately used for. Regarding the checklist, the
penalty score is the most important since it is used for deriving the weighting factor for each item.
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the reference version:

Driving performance &
operation quality

Score Represents Calculation Used for

Relative effect of the suboptimal
DP Avg. implementation of a design Standardized averages of | Primary measure in the
(Standardized aspect compared to driving performance aspect overviews for
Driving all three reference levels contrast sums across each HMI modality
Performance Sum | (baseline, radio, reference both tasks (simple & (sections 7.3.2.1, 7.3.3.1,
Average) version): complex) 7.3.4.1)

Driving performance

Relative effect of the suboptimal | pouple-weighted driving

implementation of a design performance + operation | Aspect overviews and

aspect compared to lity: tail t
Net Score quality; uses averages detailed aspec

across both tasks;
detriments = positive
values

discussions (sections
7.3.2-7.3.4)

Penalty Score

Worst-case impact of the
suboptimal implementation of a
design aspect compared to

the reference version:

Driving performance &
operation quality

Based on net score logic,
but uses worst-case task
instead of averages; only
detriments count; base
value of 1 ensures the
multiplier never reduces a
checklist rating

Aspect overviews and
detailed aspect
discussions (sections
7.3.2-7.3.4)

Weighting factor in
checklist

Note. Net and penalty scores were only computed relative to the reference version, as operation quality is not
available for baseline and radio reference levels.
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7.3.2 Interface Design Aspects: Physical Controls

The analysis of the physical controls’ interface design aspects is split into two parts: The first section provides an
overview of the design aspects tested and compares their relative effect on driving performance. The second part
analyzes every design aspect in detail. Here, effects on driving performance and operation quality (objective and
subjective) are discussed as well as implications for function implementation. The design aspects are described in
more detail in the checklist (see Appendix A). The specific operationalization of each design aspect in the experiment
is described in Appendix B.

7.3.2.1 Overview and Comparison to All Three Distraction Reference Levels

The complete list of tested design aspects for physical controls is summarized in Table 10. The design aspects are
arranged in two ways in relation to the reference version of the interface. First, they are sorted by their effect on
driving performance via the standardized driving performance sum average (DP Avg. — Baseline, see section 7.3.1).
Aspects with a more negative effect on driving performance are listed first. Second, if two aspects have the same
effect on driving performance, they are additionally sorted by net score with the more negatively affecting aspect
listed first. Based on their relative effect on driving performance, the aspects can be divided into two groups: Those
which have a negative effect on driving performance and those with no effect compared to the reference version.
For easier orientation, the driving performance comparison is colored: worse driving performance is marked orange
and no difference grey. The aspects with the most negative impact on driving performance are listed at the top of
the table.

Every design aspect was tested via suboptimally implementing it in the reference version of the interface. The global
analysis (see section 7.2.1) has already revealed that for both tasks physical controls lead to a worse driving
performance compared to the baseline (no distraction). For the complex task, the driving performance is worse than
radio operation (acceptable distraction). Therefore, it is not surprising that the operation of both tasks via the function
aspects’ test interfaces introduced even more distraction when compared to the baseline and radio operation (see
DP average). For all aspects, the driving performance differences to the baseline are greater than to radio operation,
which is expected. When comparing both groups of aspects (negative effect on driving performance vs. no negative
effect), viewing (and operating) distances to the right (M1-PC-1) had a more negative impact than increased
distances downwards (M1-PC-5). This indicates that visual and manual effort not only depend on the distance itself
but also on directionality. Further, removing auditory feedback (M2-PC-5) or changing the labeling of the control
elements (M1/2-PC-6) had no real effect, which is likely due to the participants having learned the tasks well. For
real-life function operation, which not happens in a constantly repeating manner like in our experiment, we would
expect these principles to have an effect.

In comparison with the reference interface, there are eight design aspects that resulted in worse driving performance.
In most cases, only one of the tasks (simple or complex) was affected regarding driving performance. For operation
performance, usually both tasks were affected. For the simple task, there are MDev and RT differences while there
are no effects on SDLP. Fo the complex task, there are no differences for MDev but for SDLP and RT. This is
somewhat expected since the simple task was only executed during the lane change and not the lane keeping
phase, the latter of which is depicted by SDLP. However, it is surprising that the complex task only exhibits
differences for SDLP and therefore lane keeping but not MDev, which additionally covers lane changes. The results
may indicate a compensation strategy, that when the complex task’s operation got harder, participants stopped
operation during critical lane change parts of the trial. This is reflected by the decrease in the number of inserted
phone numbers without elevated error rates. Four design aspects had no effect on driving performance when
compared to the reference interface. Still, two of the aspects had negative effects on operation quality, whereas the
remaining two did not. Overall, the majority of design aspects affected driving performance when they were
implemented in a suboptimal manner.
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The following section will highlight the effects of the individual design aspects in more detail. This is especially
important since the global results revealed that complex function operation is quite challenging with physical controls
compared to operating a simple function. Therefore, specific design aspects may be more important regarding the
simple or complex task. Another aspect to consider beyond task complexity is the specific implementation of the
physical controls in our validation experiment. Our results are mainly valid for steering wheel controls. We did not
test physical controls on the steering column or dashboard. Likewise, we did not test function operation for a task
with a medium complexity. As a result, the findings need to be transferred cautiously to other physical controls and
the operation of other kinds of tasks.
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Table 10: Validation Results for the Design Aspects of Physical Controls

DP Avg.
Checklist Comparison with reference version
[-1 (worse),+1 (better)]
. . . . Net Net Net Affected Task | Affected Task
Item Description Optimal Suboptimal Base. Radio Ref. DP oa Score DP 0Q
Negative effect on driving performance relative to reference version
_ . Resistance
M2- | Susceptibilityto | Resistanceand | o rieand | -083 | 075 | 033 | 02 | 045 | 035 Both Both
PC-1 Operation Errors position optimal
hard to reach
M1- Viewing Distance R R R R
PC-1 to the Right 0°-15 45° - 60 -0.83 -0.67 -0.25 0.15 0.17 0.32 Complex Both
Haptics when
Mi- | Blind Operation | 'eaching.during | Hapticsonlywhen |- g g3 | 575 | 925 | 015 | 006 | 0.21 Both Simple
operation, setting reaching
PC-2 can be felt
Note: Only the simple task’s control elements were altered.
M1- No gl tt
Glare cgare, matle | peflective surface | -0.75 | 033 | 047 | 01 | 004 | 0.14 Complex Complex
PC-3 surface
M2- Expectation Fully in line with . .
PC-2 Conformity expectations Other position -0.83 -0.58 -0.08 0.05 0.24 0.29 Simple Both
One hand on the
M1- Both h th i
Reachability othhandsonthe |  steering wheel, | gq | 555 | 908 | 005 | 019 | 0.24 Simple Both
PC-4 steering wheel arm widely
extended
M2- Correction of One action, Multiple actions,
PC-3 Operation Errors immediately slowly -0.83 -0.42 -0.08 0.05 0.08 0.12 Complex Both
M2- Risk of Operation No safety risk Strong distraction -0.83 -0.42 -0.08 0.05 0 0.05 Complex -
PC-4 Errors
No effect on driving performance relative to reference version
M1- | Viewing Distance 0° - 15° 30° - 45° 083 | -042 0 0 0.09 | 0.09 - Both
PC-5 Downwards
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DP Avg.
Checklist Comparison with reference version
[-1 (worse),+1 (better)]
. . . . Net Net Net Affected Task | Affected Task
Item Description Optimal Suboptimal Base. Radio Ref. DP 0Q Score DP 0Q
M2- Additional Haptic, acoustic, Haptic and only
PC-5 Feedback visual acoustic or visual 083 0:33 0 0 0.04 0.04 a Complex
M2- . Symbols and text Text and/or
PC-6 Comprehensibility distinct symbols unclear -0.75 -0.25 0 0 0 0 - -
High-contrast,
M1- Low-contrast
Legibility distinct, ow-contrast 083 | -0.33 0 0 0 0 - -

PC-6 . . ambiguous, small

appropriate size

Note. Sorted in descending order by negative relative effect on driving performance compared to the reference version (DP Avg. — Ref.). DP = Driving Performance, OQ =

Operation Quality. DP Avg. = Standardized driving performance sum average derived from net score.
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7.3.2.2 Design Aspects in Detail

The effect of each design aspect’s suboptimal implementation will be discussed in detail in the following section.
The operationalization during the validation will be highlighted as well as the specific driving performance and
operation quality metrics affected. Also, the differences between the simple and complex task will be explored. The
aspects will discussed in order of effect on driving performance as shown in Table 10, from top to bottom. For
illustration see Appendix B.

The aspect with the most negative impact on driving performance was M2-PC-1 Susceptibility to Operation Errors,
which is concerned with the likelihood of operation errors occurring (see Table 11). In our validation, the control
elements were moved away from the steering wheel and laid loosely on the table to the right of the participants. As
a result, the elements had to be precisely grabbed and the interaction required increased motor effort. We are aware
that this aspect also concerns reachability and one-handed operability when compared to the optimal implementation
on the steering wheel. For the simple task, MDev and RT were negatively affected as was subjective operation
quality (EoUS, Distr). In comparison, the complex task only exhibited a slight degradation in SDLP and both
subjective (EoU) and qualitative (N) operation quality measures.

As the simple task was slightly more affected regarding lane keeping performance, especially time-critical function
operation should rely on control elements that are close to the driver and easy to grab. The complex and continuous
task seems to be affected less, however, the decrease in the number of numbers inserted could indicates a
compensation strategy. This is likely since driving performance was not really degraded and the global analysis
already revealed the high effort for physically operating a complex task.

Table 11: Physical Controls - Susceptibility to Operation Errors

Description
Item Description CL Optimal CL Suboptimal Operationalization
Resistance Controls on the
Susceptibility to Resistance and steering wheel vs.
M2-PC-1 . " . unfavorable and
Operation Errors position optimal controller/button
hard to reach
loosely on table

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -2 | EoU -2 | MDev -1 | EoU -2
SDLP 0 | Distr -2 | SDLP 0 | Distr 0
RT -1 | Miss 0| RT O[N -2
Error 0 Error 0
Sum -3 | Sum -4 | Sum -1 | Sum -4 1.45 0.35

Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The aspect with the second-most negative impact on driving performance was M1-PC-1 Viewing Distance to the
Right (see Table 12). It was tested via placing the control elements on a stable board to the right of the participants.
In contrast to M2-PC-1 Susceptibility to Operation Errors, the control elements had a fixed position on the board and
were faced towards the driver. Interestingly, there were no effects on driving performance for the simple task.
However, driving performance was affected for the complex task (SDLP, RT). For the simple task, only subjective
operation quality was affected (EoU, Distr). For the complex task, all subjective (EoU, Distr) and objective (N, Error)
operation quality measures were degraded. As M1-PC-1 is an easier variant of M2-PC-1 with a lower level of
increased motor effort, the results align with those of M2-PC-1: With a somewhat easier operation, the simple task
performed the same as on the baseline level. The complex task now exhibits effects since participants likely started
function operation again, which was too hard with M2-PC-1. Basically the “non-operation threshold” was not exceed
so that operation took place.

The results can be applied to the existing operation via physical controls in the center console, indicating that simple
task execution is just as demanding as with steering wheel controls (ideal implementation in our validation).
However, for complex tasks, the operation with center console elements appears to be rather difficult. Here, visual
attention must be shared between the control elements, the screen, and the road. Therefore, the results indicate
that from a driving performance perspective, simple task execution via the dashboard is acceptable when compared
to steering wheel controls. Still, participants reported increased distraction and more difficult operability (EoU).
Therefore, we recommend the use of steering wheel controls if possible.

Table 12: Physical Controls - Viewing Distance to the Right

Description
ltem Description CL Optimal CL Suboptimal Operationalization
N . Controls on steering
\Y, Dist t
M1-PC-1 1OWINg LISIANCE 10| o _ 450 45° — 60° wheel vs. right on
the Right
controls holder

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU -2 | MDev 0| EoU -1
SDLP 0 | Distr -2 | SDLP -2 | Distr -1
RT 0 | Miss 0| RT -1 | N -2
Error 0 Error -1
Sum 0 | Sum -4 | Sum -3 | Sum -5 1.49 0.32

Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The aspect M1-PC-2 Blind Operation is concerned with the tactile-haptic nature of the control element (see Table
13). Ideally, the actuation of the function can be felt. For the validation, control elements with increased motor effort
and no tactility were used on the steering wheel. Although these elements were only used for the operation of the
simple task, we also measured the operation of the complex task, whose control elements were not altered. This
was done since the new control elements were bigger and we suspected they might interfere with the complex task’s
operation. For the simple task, there was a deterioration of driving performance (MDev) and subjective operation
quality (EoU, Distr). For the complex task, only SDLP was slightly affected while there was no effect on operation
quality. The effect on driving performance is likely due to the increased motor effort and not so much due to the lack
of tactility. Because the operation element required longer pressing distances and the stretching of thumbs, this
likely led to the degraded MDev. Although the complex task was not relying on the altered control element itself, it
might have interfered with lane keeping performance. Still, as only SDLP is slightly affected, driving performance
essentially remained unaffected.

The results point toward control elements requiring low motor effort with shallow travel distances for low-distraction
function operation. Also, they should be designed in a compact manner. Finally, the actuation should be felt via
tactile feedback to communicate the successful input.

Table 13: Physical Controls - Blind Operation

Description
ltem Description CL Optimal CL Suboptimal Operationalization
Haptics when Buttons with click
can be felt haptic feedback
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -2 | EoU -2 | MDev 0| EoU 0
SDLP 0 | Distr -1 | SDLP -1 | Distr 0
RT 0 | Miss 0| RT 0[N 0
Error 0 Error 0
Sum -2 | Sum -3 | Sum -1 | Sum 0 1.31 0.21
Negative effect on driving performance
Note: Only the simple task’s control elements were altered.

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The reflectivity of the physical control element is covered with the design aspect M1-PC-3 Glare (see Table 14). For
the validation, glare was simulated by a torchlight, of which the edge of the light beam hit the participant’s eyes. Only
the complex task was affected regarding driving performance (RT) and objective operation quality (N, Error). There
were no effects on driving performance nor on operation quality for the simple task. Given the nature of the complex
task that requires constant operation and, more importantly, allocating the visual attention between the control
element, screen, and driving environment, the glare seems to have somewhat interfered with the attention allocation
process. While lane keeping (MDev, SDLP) was not affected, RT was negatively impacted as perhaps lane changes
were missed. But this would have also led to a worse lane keeping performance. It is also likely that participants
applied a different steering strategy when blinded in their periphery, i.e., more cautious steering. The light source
also decreased objective operation quality to some extent. However, this could be a compensation effect as lane
keeping was not affected.

The results can be interpreted twofold: First, when drivers do not have to look at the control element, function
operation is not affected by the control element’s glare. Therefore, control elements do not have to be necessarily
matte. However, in cases where visual attention is shared, the glare seems to interfere with the attention allocation
process, thereby affecting function operation and driving. This could be relevant when a control element unrelated
to the operation of a specific function produces glare and affects function operation. This would imply that all control
elements should incorporate matte surfaces.

Table 14: Physical Controls - Glare

Description
ltem Description CL Optimal CL Suboptimal Operationalization
No glare, matte . No iIIL.Jmina.tion Vs.
M1-PC-3 Glare surface Reflective surface fla.shhght directed at
driver
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 0 | EoU 0
SDLP 0 | Distr 0 | SDLP 0 | Distr 0
RT 0 | Miss 0| RT -2 | N -1
Error 0 Error -1
Sum 0 | Sum 0 | Sum -2 | Sum -2 1.27 0.14
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The aspect M2-PC-2 Expectation Conformity refers to the location of the control elements and the operation principle
following established standards (see Table 15). In the validation, the location of the indicator operation buttons
(simple task) was swapped on the steering wheel. For the phone task (complex task), the controller was placed on
the table to the left of the steering wheel. Technically, the complex task hereby also increased the operation distance
and motor effort. Driving performance was affected to some degree for the simple task (MDev) but not for the
complex task. The effects on operation quality were more severe: For both tasks, the subjective (EoU, Distr) and
objective measures (Error for both tasks, N for complex) were negatively impacted. Although the manual operation
effort increased more so for the complex task, it is curious that this had no effect on driving performance. In this
context, it may also appear odd that the effect on operation quality was the same for the simple and complex task.
However, while the complex task has had an increase in motor effort, the simple task switched to an unusual
operation logic (swapping of buttons). This is likely the reason operation quality was affected similarly.

The results demonstrate that a change in operation logic and an increase in motor effort clearly affect operation
performance. Therefore, for easy operation, established function logic must be adhered to. Additionally, manual
effort must be kept low by placing buttons close to the driver as discussed with aspect M1-PC-1 Viewing Distance
to the Right.

Table 15: Physical Controls - Expectation Conformity

Description
ltem Description CL Optimal CL Suboptimal Operationalization
All controls on the
. - . steering wheel vs.
E tat Full I th
M2-PC-2 xpecta .|on uflyin |.ne w Other position indicator buttons
Conformity expectations
swapped and
controller on table

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -1 | EoU -2 | MDev 0| EoU -2
SDLP 0 | Distr -2 | SDLP 0 | Distr -2
RT 0 | Miss 0| RT 0[N -2
Error -2 Error -1
Sum -1 | Sum -6 | Sum 0 | Sum -7 1.36 0.29

Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The aspect M1-PC-4 Reachability refers to the proximity of the control elements to the driver's hands (see Table
16). It is also included to some extent in the aspects M2-PC-1 Susceptibility to Operation Errors, M1-PC-1 Viewing
Distance to the Right, M2-PC-2 Expectation Conformity, and M1-PC-5 Viewing Distance Downwards. During the
validation, the control elements were placed on a stable platform and farther away to the front of the driver. They
were placed to the right of the monitor of the LCT driving simulation to keep the viewing distances between driving
environment, control elements, and screen low. This had nearly no effect on driving performance (only SDLP for the
simple task). Subjective operation quality was negatively affected for both tasks, while for the complex task, objective
operation quality (N) was additionally degraded.

The results show that reachability towards the front of the driver does not have such an adverse effect as increased
operation and viewing distances to the right. As a result, operation elements should be placed close to the driver
and their line of sight.

Table 16: Physical Controls - Reachability

Description
ltem Description CL Optimal CL Suboptimal Operationalization
One hand on the Both .hands on the
. Both hands on the . steering wheel vs.
M1-PC-4 Reachability . steering wheel, arm .
steering wheel widely extended arm widely
y extended (60 cm)

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU -2 | MDev 0| EoU -2
SDLP 0 | Distr -2 | SDLP 0 | Distr -2
RT -1 | Miss 0| RT 0[N -2
Error 0 Error 0
Sum -1 | Sum -4 | Sum 0 | Sum -6 1.33 0.24

Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The aspect M2-PC-3 Correction of Operation Errors outlines how operation errors can be corrected (see Table 17).
In the validation, participants had to cancel a simulated malfunction via pressing a cancellation button three times.
The malfunction was simulated by displaying a flashing screen, alternating in green and red color, and playing error
sounds. There was essentially no effect on driving performance (only SDLP for the complex task). Operation quality
was somewhat affected: Distr for both tasks, N only for the complex task. Although the cancellation made the
interaction more complex with three button presses on the steering wheel, this quick multiple-step interaction does
not seem to affect driver distraction.

The results therefore indicate that quick, repeated inputs, such as scrolling through a list, are not decisive for driver
distraction. Still, operation steps should be kept to a minimum. This is supported by the next aspect, M2-PC-4 Risk
of Operation Errors, which resulted in a little less driver distraction by requiring only one button press for cancellation
instead of three presses in quick succession.

Table 17: Physical Controls - Correction of Operation Errors

Description
Item Description CL Optimal CL Suboptimal Operationalization
Direct cancellation
M2-PC-3 Correction of One action, Multiple actions, possible vs.
Operation Errors immediately slowly pressing cancel
button 3 times

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 0| EoU 0
SDLP 0 | Distr -2 | SDLP -1 | Distr -1
RT 0 | Miss 0| RT 0[N -1
Error 0 Error 0
Sum 0 | Sum -2 | Sum -1 | Sum -2 1.18 0.12

Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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With the aspect M2-PC-4 Risk of Operation Errors, the effect of an erroneous function operation was tested (see
Table 18). The function operation triggered a salient flash screen (red and green colors) and error sounds that had
to be corrected with a single button press. As with M2-PC-3 Correction of Operation Errors, the button for cancellation
was placed on the steering wheel. Compared to M2-PC-3, there was the same minor effect on driving performance
for the complex task (SDLP), however, operation quality remained completely unaffected. In comparison to M2-PC-
3, the results indicate that fewer operation steps are better. Nonetheless, a single added operation step only has a
marginal effect on driver distraction for the complex task. This is somewhat curious as one would expect the added
step to have an effect on the simple single-step function instead of the complex one that already has multiple steps.

Although the results may implicate no effect of a single added operation step and an operation error, we advise
requiring function operation to have as little steps as possible (no unnecessary menu layers) and to reduce the
likelihood of operation errors.

Table 18: Physical Controls - Risk of Operation Errors

Description
ltem Description CL Optimal CL Suboptimal Operationalization
Normal vs.
Risk of ti
M2-PC-4 isk of Operation No safety risk Strong distraction flashscreen + error
Errors i
sound (salient)

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 0| EoU 0
SDLP 0 | Distr 0 | SDLP -1 | Distr 0
RT 0 | Miss 0| RT N 0
Error 0 Error 0
Sum 0 | Sum 0| Sum -1 | Sum 0 1.1 0.05

Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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With the design aspect M1-PC-5 Viewing Distance Downwards, the downward positioning of the control element is
described (see Table 19). For the validation, the control elements were placed on a stable platform and put on a
chair to the right of the participant. This was done to mimic button placement on the center console. There were no
effects on driving performance. For the simple task, only one of the objective (Miss) and one of the subjective
operation (Distr) quality measures were affected. The complex task was less affected with only a subtle difference
in the number of inserted numbers (N). The results are interesting, especially when M1-PC-1 Viewing Distance to
the Right was the second-most distracting design aspect. Here, drivers had to reach for the control element and look
to the right. With M1-PC-5, however, reaching the control element was easier and the arm could also be rested on
the leg. Therefore, the improved results could stem from the reduced motor effort. Also, perhaps splitting the visual
attention was easier as the distance between the control elements, the interface’s screen, and driving simulation
was lower for M1-PC-5 compared to M1-PC-1.

The results indicate that placing buttons on the center stack is not very problematic. However, operation distance
was low in our validation. With higher distances to the right (M1-PC-1) or forward (M1-PC-4), it can be expected that
driver distraction will increase. So, center stack positioning of physical controls must be done carefully.

Table 19: Physical Controls - Viewing Distance Downwards

Description
ltem Description CL Optimal CL Suboptimal Operationalization
Controls on steering
MA1-PC-5 Viewing Distance 0° — 15° 30° _ 45° wheel vs. on control
Downwards holder placed on
chair

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 0| EoU 0
SDLP 0 | Distr -2 | SDLP 0 | Distr 0
RT 0 | Miss -2 | RT O[N -1
Error 0 Error 0
Sum 0 | Sum 0| Sum 0 | Sum -1 1.15 0.09

No effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The aspect M2-PC-5 Additional Feedback refers to the feedback dimensions used during function operation (see
Table 20). Feedback can be provided via haptic, visual, and acoustic channels. For the validation, the acoustic
feedback was omitted. This had no effects on driving performance for both tasks. Objective operation quality was
only affected for the complex task (N). Although the interface omitted additional acoustic feedback, there was still
acoustic feedback provided via the clicking of the physical control elements. For simple tasks, the results indicate
that this acoustic feedback is either sufficient or not needed at all. For the complex task, the omittance of acoustic
feedback resulted in a lower number of phone numbers inserted. This is probably due to the phone call nature of
the task: once a number was fully put in, participants could listen to how the call was established and when they
could cancel it. Also, they could clearly hear when they successfully moved the cursor on the dial pad and put in a
digit. Without the acoustic feedback, the continuous operation was interrupted. Still, function operation overall does
not appear to have gotten harder. This is reflected by the lack of an effect on driving performance and the other
function operation measures.

Overall, the results indicate that additional acoustic feedback is not really important for physically controlled functions
in regard to driver distraction.

Table 20: Physical Controls - Additional Feedback

Description
Item Description CL Optimal CL Suboptimal Operationalization
" . . . Al ith audi
M2-PC-5 Additional Haptlc, acoustic, Haptlcland o'nly fepch)it\:gck?/i. I;)pp
Feedback visual acoustic or visual muted

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 0| EoU 0
SDLP 0 | Distr 0 | SDLP 0 | Distr 0
RT 0 | Miss 0| RT 0|N -2
Error 0 Error
Sum 0 | Sum 0 | Sum 0 | Sum -2 1.07 0.04

No effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The aspect M2-PC-6 Comprehensibility is concerned with the meaning of the icons and text used on the physical
control elements (see Table 21). For the validation, uncommon symbols replaced the symbols of the reference
interface. For neither task were there any effects on driving performance and operation quality. This was somewhat
expected since participants trained function operation with the interface beforehand and knew the button
assignment. Therefore, when switching the symbols for a single trial, they already knew the button assignment.
However, the symbols and icons might be relevant in situations where a driver is new to a vehicle, or a rarely used
function needs to be operated.

Although our validation demonstrates that a change of symbols (for a new vehicle revision, for example) does not
really have an effect as long as the function assignment is well learned, the above-mentioned edge case of unfamiliar
function operation would likely benefit from easy to understand button labeling.

Table 21: Physical Controls - Comprehensibility

Description
ltem Description CL Optimal CL Suboptimal Operationalization
Symbols from
M2-PC-6 Comprehensibility csii};rtTi]:cils e Ijritb?)r;: /L(J)r:clear :rztt:?gciz):svtse.xt and
geometric shapes
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0| EoU 0 | MDev 0| EoU 0
SDLP 0 | Distr 0 | SDLP 0 | Distr 0
RT 0 | Miss 0| RT 0[N 0
Error 0 Error 0
Sum 0 | Sum 0 | Sum 0 | Sum 0 1 0

No effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The aspect M1-PC-6 Legibility refers to how well the button labeling can be perceived, visually (see Table 22). M2-
PC-6 Comprehensibility, in contrast, is more concerned with the meaning of the labeling. For the validation, the
button labels of the reference version were exchanged for labels that were harder to read, i.e., low-contrast, small
fonts and symbols. This had no effect on driving performance or on operation quality for both tasks. As with M2-PC-
6, this is likely due to the participants being familiar with the button assignments so that they did not need to look at
the buttons. Therefore, the exchanged button labeling had no effect.

As mentioned previously, button labelling is presumably more relevant for non-regularly used functions. As a result,
easy to read labeling should be employed so that in these cases, low-distraction function operation can be enabled.
With clear labeling that is easy to understand, the visual search for a button in the vehicle cockpit can be achieved
quicker.

Table 22: Physical Controls - Legibility

Description
ltem Description CL Optimal CL Suboptimal Operationalization
High-contrast, Large, high-
e s . Low-contrast, contrast, black-and-
M1-PC-6 Legibility distinct, appropriate . . .
size ambiguous, small white vs. light grey,
too small
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 0 | EoU 0
SDLP 0 | Distr 0 | SDLP 0 | Distr 0
RT 0 | Miss 0|RT 0N 0
Error 0 Error 0
Sum 0 | Sum 0 | Sum 0 | Sum 0 1 0
No effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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7.3.3 Interface Design Aspects: Touch-Based Interface

The analysis of the touch-based interface design aspects is splitinto two parts: The first section provides an overview
of the design aspects tested and compares their relative effect on driving performance. The second part analyzes
every design aspect in detail. Here, effects on driving performance and operation quality (objective and subjective)
are discussed as well as implications for function implementation. The design aspects are described in more detail
in the checklist (see Appendix A). The specific operationalization of each design aspect in the experiment is
described in Appendix B.

7.3.3.1 Overview and Comparison to All Three Distraction Reference Levels

Table 23 contains the list of all aspects that were tested for the touch-based interface. The design aspects are
arranged in two ways in relation to the reference interface. First, they are sorted by their relative effect on driving
performance (standardized driving performance sum average: DP Avg. — Baseline, see section 7.3.1). Second, if
two or more aspects have the same effect on driving performance, they are sorted by net score. For both sorting
principles, the aspect with the more negative effect on driving performance and operation quality is listed first. Four
groups of aspects can be derived: Those with a negative relative effect on driving performance, those with no
negative effect, those with a possible positive effect (but likely not effect), and finally, those who improve driving
performance relative to the reference interface. For easy orientation, the driving performance comparisons are
colored: negative relative effects on driving performance are marked orange, no effects are marked grey, and
improvements are marked green. The most distracting interface design aspects are listed at the top of the table.

Every design aspect was tested via suboptimally implementing it in the reference version of the interface. The global
analysis (see section 7.2.1) has already shown that touch-based function operation results in driving performance
worse than the baseline (no distraction; both tasks) and radio operation (acceptable distraction; only complex task).
Therefore, it is within expectation that function operation via the design aspect’s test interface led to greater
distraction than both distraction reference levels. An exception to this is the bonus aspects listed at the bottom of
the table. The shortened function operation (M2-TB-9 Shortcut) led to driving performance that is better than the
reference version but worse than the radio operation. The last two aspects (M1-TB-12 Deactivation, M1-TB-13
Blocking of Distracting Functions) required no function operation and tested the effect of simply displaying a static
or dynamic interface. As a result, it was expected that driving performance would stay near or at the baseline level.
When comparing the three groups of design aspects (negative effect, no effect, positive effect), there are
discrepancies. Like for physical controls, the effect of viewing (and operating) distances depends on the
directionality: only when increasing them downwards (M1-TB-5) do they have a negative effect but not when
increasing them rightwards (M1-TB-10). Additionally, blocking smaller parts of the driving simulation (M1-TB-3) had
a more negative impact than blocking greater parts (M1-TB-11), which is somewhat surprising. But with blocking
greater parts of the simulation, the touch-based interface perhaps was easier to see and operate for the drivers.
Finally, changes in the visual structure of the interface (M1-TB-7,8,9) had no effect. As with the physical controls,
this is likely due to participants being very familiar with the interface.

Of the remaining 20 design aspects, 12 led to a worse driving performance compared to the reference version.
Operation performance was usually affected for both tasks (simple and complex) or for the complex task only.
Regarding driving performance, the simple task alone seems to have been slightly more affected (five aspects) than
the complex task alone (three aspects) or both tasks together (four aspects). For the simple task, MDev and RT
were clearly affected whereas the effects are more subtle for the complex task. Here, SDLP was also affected
although the differences compared to the reference version are not as distinct. The deviation in SDLP differences
between both tasks make sense as the simple task was not executed during the lane keeping phases that SDLP
depicts. Regarding operation quality, mainly subjective measures exhibit differences to the reference version for the
simple task. The complex task, on the other hand, exhibits differences mainly in objective measures of operation
quality. Next, there are six aspects that did not differ from baseline driving performance. There are some differences
in subjective and objective operation quality measures. Finally, there are five aspects that led to improved driving
performance compared to the reference interface. For the first two items (M1-TB-10 Viewing Distance to the Right,
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M1-TB-11 View on the Road Not Blocked) an improvement was not expected. However, the remaining three aspects
(M2-TB-9 Shortcut, M1-TB-12 Deactivation, M1-TB-13 Blocking of Distracting Functions) were specifically expected
to improve driving performance as discussed in the previous paragraph.

In the following section, each interface aspect will be discussed in detail. The global results revealed that touch-
based function operation introduces high levels of visual-manual distraction, especially at high task complexity.
Furthermore, they are the predominant interface used in modern vehicles. Therefore, touch-based interfaces must
be designed in a way that minimizes driver distraction. As with physical controls, our validation study only tested
very specific implementations and violations of the design principles. Also, only a simple and complex but no medium
complexity task were tested. The results must therefore be transferred cautiously to other touch-based interfaces
and functions.
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Table 23: Validation Results for the Design Aspects of the Touch-Based Interface

touchscreen

DP Avg.
Checklist Comparison with reference version
[-1 (worse),+1 (better)]
o . . . Net Net Net Affected Task | Affected Task
Item Description Optimal Suboptimal Base. Radio Ref. DP oa Score DP 0Q
Negative effect on driving performance relative to reference version
M1- . Every touch input Often not .
TB-1 Input Precision registered registered 1 0.67 0.5 0.3 0.21 0.51 Simple Both
. . . Operation logic
Ma- | Susceptibility to | Operation logic and buttons 083 | 05 | 05 | 03 | 015 | 045 Both Both
TB-1 Operation Errors | and buttons good
unfavorable
. Contents and -
M2- Expectation operation logic | ronddeviation =g e | 058 | 033 | 02 | 021 | 041 Simple Both
TB-2 Conformity ! from conventions
follow conventions
" oneramaontve | et 0
Reachability steering wheel, g_ ’ -0.83 -0.58 -0.33 0.2 0.15 0.35 Simple Both
TB-2 arm widely
arm not extended
extended
M
Gesture Control enus and No gesture control | -0.33 | 017 | 033 | 02 | 004 | 024 Simple Simple
— functions
Note: Only simple task tested. Bonus item: Optimal implementation tested. Excluded from checklist after validation.
M2- Risk of ti
isk of Operation |\ cafetyrisk | Strong distraction | 0.83 | 042 | 047 | 01 | 004 | 0.4 Both Phone
TB-3 Errors
M2- ti f ti Multipl ti
Correction o One action, wipie actions, 1 992 | 05 | 047 | 01 | 004 | 0.14 Both Both
TB-4 Operation Errors immediately slowly
MA- Driving-related Always visible, Isn;:;r:iz;hzz
Information display separate -0.83 -0.58 -0.17 0.1 0.04 0.14 Both Both
TB-3 . covered by
Always Visible from touchscreen
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DP Avg.
Checklist Comparison with reference version
[-1 (worse),+1 (better)]
i . . . Net Net Net Affected Task | Affected Task
Item Description Optimal Suboptimal Base. Radio Ref. DP 0Q Score DP 0Q
Interaction Waits briefly,
M2- Speed Waits indefinitely returns, gives -0.5 -0.33 -0.17 0.1 0.04 0.14 Complex Complex
TB-5 P instructions
Note: Only complex task tested.
s On, off, adjust, .
M2- Addit I Visual feedback
mona error — acoustic Isual feedbac 083 | 033 | 008 | 005 | 008 | 0.2 Simple Complex
TB-6 Feedback . only
and visual
M1- Reflection Matte, stror?g light Glo§sy, antl._ -0.83 -0.5 -0.08 0.05 0.06 0.11 Complex Simple
TB-4 absorption reflective coating
M1- Viewing Distance R R R R
TB-5 Downwards 0°-15 30°-45 -0.83 -0.5 -0.08 0.05 0.06 0.11 Complex Complex
No effect on driving performance relative to reference version
M1- ) Strong horizontal .
TB-6 Tilt and vertical tilt No tilt -0.83 -0.42 0 0 0.08 0.08 - Both
Contents too
M2- Legibility Contents large and | iarge, low- | -0.83 | -0.33 0 0 004 | 0.04 - Both
TB-7 high-contrast
contrast
Insufficient,
M1- Brightness and | Optimal, adjustable adjustable, no
TB-7 Contrast and automatic automatic 0.83 0.42 0 0 0.04 0.04 B Complex
regulation
. Interaction No communication,
M1- Attentional principles and guidance 083 | -0.58 0 0 0.04 | 0.04 - Complex
TB-8 Guidance . . . .
guidance optimal distracting
M1- Minimalism All content §hort Contents rather -0.83 -0.33 0 0 0.02 0.02 - Simple
TB-9 and concise long
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. DP Avg. . . .
Checklist Comparison with reference version
[-1 (worse),+1 (better)]
L. . . . Net Net Net Affected Task | Affected Task
Item Description Optimal Suboptimal Base. Radio Ref. DP 0Q Score DP 0Q
. Only at some
In-process Possible at any .
M2- Abortion point points and only -0.5 -0.33 0 0 0 0 - -
TB-8 cumbersome
Note: Only complex task tested.
Possible positive effect on driving performance relative to reference version (likely no effect)
M1- Viewing Distance o o o o
TB-10 to the Right 0°-15 45° - 60 -0.83 -0.25 0.08 -0.05 0.02 -0.03 Complex Complex
View on the
M1- Peripheral field of
Road Not Clear field of view | ' P o N€COL 1 583 | 025 | 008 | 005 | 0 | -0.05 Both -
TB-11 view blocked
Blocked
Bonus/Special Iltems: Positive effect on driving performance relative to reference version
M2- Shortcut Executable with No shortcuts 042 | 017 | 025 | 015 | -0.06 | -0.21 Complex Complex
TB.9 one interaction
Note: Only simple task tested. Bonus item: Optimal implementation tested.
L Yes, can be .
T|\é|11_2 Deactivation switched off Standby interface 0.17 1 0.83 -0.5 0 -0.5 - -
Note: No function operation. Effect of static interface tested.
Blocking of Dynamic/movin
M1- Distracting y content 9 No blocking 0 0.92 0.83 -0.5 0 -0.5 - -
TB-13 Functions
Note: No function operation. Effect of dynamic interface tested.

Note. Sorted in descending order by negative relative effect on driving performance compared to the reference version (DP Avg. — Ref.). DP = Driving Performance, OQ =
Operation Quality. DP Avg. = Standardized driving performance sum average derived from net score.
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7.3.3.2 Design Aspects in Detail

The effect of each design aspect’'s suboptimal implementation will be discussed in detail in the following section.
The operationalization during the validation will be highlighted as well as the specific driving performance and
operation quality metrics affected. Also, the differences between the simple and complex task will be explored. The
aspects will discussed in order of effect on driving performance as shown in Table 23.

The aspect M1-TB-1 Input Precision had the most negative effect on driving performance and operation quality
combined, resulting in the highest net score (see Table 24). The aspect refers to the touch-based interface’s ability
to reliably detect touch inputs. For the validation experiment, the interface was modified to only process touch inputs
with a likelihood of 33%. As a result, multiple presses were now required to operate the functions. Driving
performance was strongly negatively affected only for the simple task (MDev, SDLP, RT) but not for the complex
task. However, both tasks exhibited clear negative effects both in subjective (EoU, Distr) and objective (Miss, N)
operation quality. The results indicate that time-critical single-step function operation suffers when touch-inputs are
not handled correctly. That the complex task remained unaffected regarding driving performance may be attributed
to the continuous operation nature of the task. Here, drivers had to monitor their inputs and repeatedly press buttons
so that additional non-responses of the interface could be more easily handled by pressing a button again. Still, as
only the number of inserted numbers (N) was affected but not the error rate (Error), this could point towards a
compensation strategy as the task got too difficult. On the other hand, the single task in its optimal implementation
only required a single glance and one-action motor movement. The introduction of an unresponsive interface
therefore increased the visual-manual effort. Regarding operation errors, the unresponsive touch-input introduced a
random error as each touch-input was processed with a chance of 33%. Therefore, participants could not anticipate
whether the current operation step would be handled or require additional presses. Looking at the result, this
uncertain anticipation likely impacted the simple task more severely as it usually only requires one step and is time-
critical. But as mentioned previously, the disparity between both tasks may also be due to a compensation effect for
the complex task.

The results strongly imply that touch-based interfaces must reliably register touch inputs, especially when the
function only requires a single step, is time-critical, and only used rarely instead of constantly.

Table 24: Touch-Based Interface - Input Precision

Description
Item Description CL Optimal CL Suboptimal Operationalization
Every input
M1-TB-1 Input Precision rEe\;eiget:)eL;Ch input Often not registered regi;/ererz:i VS. wit.h.
only 33% probability
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -2 | EoU -2 | MDev 0 | EoU -2
SDLP -2 | Distr -2 | SDLP 0 | Distr -1
RT -2 | Miss -2 | RT 0| No -2
Error 0 Error 0
Sum -6 | Sum -6 | Sum 0 | Sum -5 1.83 0.51
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The aspect M2-TB-1 Susceptibility to Operation Errors (see Table 25) had the same negative effect on driving
performance as the previously described aspect M1-TB-1 Input Precision. However, the impact on operation quality
was not as severe so that the net score is lower. The design aspect describes how prone the interface is for operation
errors. For the validation, the risk of errors was increased by using smaller buttons and arranging them in an unusual
and switched-up constellation for both tasks. Driving performance was negatively impacted for both tasks (simple
task: MDev, RT; complex task: RT). Regarding the simple task’s operation performance, there were negative effects
in all measures of subjective (EoU, Distr) and objective (Miss, Error) operation quality. For the complex task, only
objective operation quality was affected (N). As with M1-TB-1, the violation of the design principle M2-TB-1 had a
greater negative impact on the simple task compared to the complex task. This is likely due to how the task difficulty
was increased for both tasks: For the simple task, the sides of the indicator buttons (left and right) were switched,
and they were not arranged on the same horizontal level anymore. For the complex task, the dial pad kept the
geometric shape (so that the buttons were aligned unlike the indicator task) and the buttons were arranged in a
descending order. Therefore, we argue that the task difficulty increased more for the simple task, especially since
its difficulty in the reference version is easier than the complex’s task. Finally, participants may also have exhibited
compensation behavior for the complex task as the number of inserted numbers (N) increased while the error rate
(Error) remained unaffected

The results clearly show that the alignment and sizing of the control elements as well as the operation logic have a
clear impact on driver distraction. To mitigate errors, control elements should be aligned and of optimal size.
Furthermore, established and easy-to-understand operation logic should be adhered to.

Table 25: Touch-Based Interface - Susceptibility to Operation Errors

Description
Item Description CL Optimal CL Suboptimal Operationalization
. . . . . Butt timal vs.
Susceptibility to Operation logic and | Operation logic and utons oplimal vs
M2-TB-1 . smaller, unusually
Operation Errors buttons good buttons unfavorable
arranged, swapped

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -2 | EoU -1 | MDev 0 | EoU 0
SDLP 0 | Distr -2 | SDLP 0 | Distr 0
RT -2 | Miss -1 | RT 2| N -2
Error -2 Error 0
Sum -4 | Sum -6 | Sum -2 | Sum -2 1.62 0.45

Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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With the design aspect M2-TB-2 Expectation Conformity, the interface’s operation logic is required follow established
standards (see Table 26). For the validation, the simple task now incorporated a sliding gesture instead of tapping
for operation. The complex task now employed a 4x3 dial pad instead of the common 3x4 dial pad. As with the
previous aspects, the driving performance and function operation effects were more severe for the simple task. Here,
driving performance (MDev, RT) as well as subjective (EoU, Distr) and objective (Miss) operation quality were
negatively impacted. On the other hand, there was no effect on driving performance for the complex task, however,
both operation quality dimensions (subjective: EoU, Distr; objective: N) were negatively impacted. The lack of effects
on driving performance for the complex task may be due to compensation: Participants stopped operation of the
complex task because it got too hard. This is likely since the number of inserted numbers (N) decreased while the
error rate (Error) and driving performance (MDev, SDLP, RT) remained unaffected. However, the disparity between
both tasks could again be attributed to the increase in operation difficulty. The simple task now required sliding over
a distance of a few centimeters whereas the complex task still used tapping for input. Therefore, the simple task
now required higher visual-manual effort for a single operation action than the complex task.

If the results are interpreted this way, they indicate that function operation should incorporate simple tapping instead
of sliding as this requires less visual-manual effort.

Table 26: Touch-Based Interface - Expectation Conformity

Description
Item Description CL Optimal CL Suboptimal Operationalization
Conventional
operation logic vs.
. Contents and i -
Expectation . ) Strong deviation indicator:
M2-TB-2 . operation logic . . .
Conformity . from conventions sliders/circles
follow conventions .
instead of arrows,
phone: 3x4 dial pad

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -2 | EoU -2 | MDev 0| EoU -2
SDLP 0 | Distr -2 | SDLP 0 | Distr -1
RT -2 | Miss -2 | RT 0[N -2
Error 0 Error 0
Sum -4 | Sum -6 | Sum 0 | Sum -5 1.62 0.41

Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.



70

The design aspect M1-TB-2 Reachability describes how far a driver must reach for the touch-based interface (see
Table 27). For validation, the touch-based interface was placed farther away from the participant and placed right
next to the LCT driving simulation’s monitor. For operation, the right arm now had to be widely extended. Driving
performance was negatively impacted only for the simple task (MDev, RT) but not for the complex task. Only
subjective operation quality was affected for the simple task (EoU, Distr) while for the complex task, both dimensions
were affected (subjective: EoU; objective: N, Error). As with all previous aspects, the effects for the simple task are
more severe than for the complex task. As discussed previously, this might be due to compensation strategies, the
continuous nature of the complex task, or the greater difficulty increase for the simple task. A compensation strategy
is unlikely this time since this time the error rate (Error) is elevated. The most probable explanation is the jump in
task difficulty: the simple task was rather easy with a single tap without reaching across the table in its reference
version. With increased operation distance, the arm had to be widely extended and that concurrently when the lane
change sign occurred. Precise reaching and tapping while at the same time changing lanes require a high level of
hand-arm coordination. Also, as there was no function operation between lane changes, some participants switched
hands between the steering wheel and the touch-based interface. On the other hand, when interacting with the
complex task, the arm remained in the same stretched position and was either rested on the table or lifted up again.
Therefore, the distance travelled by the right hand was lower than for the simple task, which could be used for
understanding the different effects on driving performance between both tasks.

This way, the results may demonstrate the importance of the distance between the steering wheel and the touch-
based interface, especially when drivers must repeatedly reach for the control element. Therefore, the touch-based
interface should be kept close to the driver.

Table 27: Touch-Based Interface - Reachability

Description
ltem Description CL Optimal CL Suboptimal Operationalization
One hand on the One hand on the sotz:r?:njvt?getlhves
M1-TB-2 Reachability steering wheel, arm | steering wheel, arm .g '
not extended widely extended arm widely
y extended (55 cm)

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -2 | EoU -2 | MDev 0| EoU -1
SDLP 0 | Distr -2 | SDLP 0 | Distr 0
RT -2 | Miss 0| RT O[N -2
Error 0 Error -1
Sum -4 | Sum -4 | Sum 0 | Sum -4 1.55 0.35

Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect Gesture Control is a bonus item, i.e., it is not an essential design principle of the checklist. It
explores additional input methods besides touch-based function operation (see Table 28). It was only tested for the
simple indicator task but not for the complex dialing task. Instead of tapping buttons, participants waved in front of
the tablet in the direction of the lane change to activate the indicator. Gesture control had a negative impact on
driving performance (MDev, RT) and subjective operation quality (Distr) compared to touch-based operation. The
results clearly demonstrate that gesture-based function operation is not suitable for simple, single-step tasks. The
results cannot be used to draw conclusions for more complex tasks. However, as the manual effort increases (the
arm and hand have to be lifted into the air — somewhat similar to M1-TB-2 Reachability), it can be expected that
there would be no positive effect regarding driver distraction.

Therefore, using gesture control as an additional input method besides the established options is not really a feasible
option to mitigate driver distraction. Also, the item was removed from the checklist as it does not contribute to low-
distraction function operation (for the full checklist: see Appendix B).

Table 28: Touch-Based Interface - Gesture Control

Description
ltem Description CL Optimal CL Suboptimal Operationalization
- Gesture Control Mem.JS and No gesture control Ignedsetzrzrs]g(z:/vipe
functions left/right) vs. none
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -2 | EoU 0 | MDev 0| EoU 0
SDLP 0 | Distr -2 | SDLP 0 | Distr 0
RT -2 | Miss 0| RT 0 | No 0
Error 0 Error 0
Sum -4 | Sum -2 | Sum 0 | Sum 0 1.47 0.24
Negative effect on driving performance
Note: Only simple task tested. Bonus item: Optimal implementation tested. Excluded from checklist after
validation.

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-TB-3 Risk of Operation Errors refers to the consequences of an erroneous function operation
regarding driver distraction (see Table 29). For validation, a simulated error was triggered during function operation.
The error was made salient by incorporating a flashing screen, alternating in green and red colors, and by playing
back error sounds. The error could be corrected instantly by pressing a button. Driving performance was only
negatively affected for the simple task (MDev, RT) but not for the complex task. Effects on operation performance
only occurred for the complex task (objective: N, Error). Notably, there was a slight improvement in SDLP for the
complex task. As with the previous aspects, the driving performance detriments only appeared for the simple but not
for the complex task. The difference may be attributed to the single- and multiple-step nature of the tasks regarding
error handling. The simple task only occurred 18 times per trial and ideally required one operation step. With error
handling, however, the operation required twice as many steps and took longer. Also, two button positions had to
be visually selected and then pressed. Without error handling, only the indicator arrow needed to be pressed. On
the other hand, the complex task was continuous throughout the whole trial and already required visual search and
repeated button presses for inserting the digits. Therefore, it is sensible that an additional step in the operation does
not result in much greater driver distraction. Another aspect to discuss is that participants were familiar with the
occurrence of the operation error. This contrasts with real life operation errors, which most often appear unexpected.
As a result, the error could be easily anticipated and handled. Errors that could not be easily anticipated were
somewhat tested with M1-TB-1 Input Precision and were also used to explain the high levels of driver distraction of
M1-TB-1.

Although the results cannot be applied to unexpected error handling, they demonstrate how regularly occurring in-
between steps of function operation are handled. The effect for the simple function indicates that additional operation
steps and button placements that shift in position between menus should be avoided.

Table 29: Touch-Based Interface - Risk of Operation Errors

Description
Item Description CL Optimal CL Suboptimal Operationalization
Normal vs.
Risk of ti
M2-TB-3 isk of Operation No safety risk Strong distraction flashscreen + error
Errors i
sound (salient)

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -2 | EoU 0 | MDev 0| EoU 0
SDLP 0 | Distr 0 | SDLP 1 | Distr 0
RT -1 | Miss 0| RT O[N -1
Error 0 Error -1
Sum -3 | Sum 0| Sum 1| Sum -2 1.38 0.14

Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-TB-4 Correction of Operation Errors (see Table 30) is based on the design aspect M2-TB-3
Risk of Operation Errors. The same simulated errors (flashing screen with red and green colors as well as error
sound playback) were used. However, instead of one button press, three presses were needed to cancel the error.
The results are similar to M2-TB-3: A negative effect on driver distraction can only be seen for the simple task (MDev,
SDLP) but not for the complex task. Here, driving performance again improved slightly (SDLP). Operation quality
was only slightly affected for both the simple (subjective: Distr) and complex task (objective: N). Although the
complexity for cancelling the error slightly increased (three presses on same button), it did not have any substantial
effects on driving performance or operation quality, especially compared to M2-TB-3 where only one press was
required. With the effect being essentially the same, the results indicate that pressing a button three times in quick
succession requires the same effort as pressing it once. However, as discussed with M2-TB-3 for the simple task,
the results would presumably be different if three different positions on the screen had to be tapped instead of
pressing on the same position three times. Also as discussed with M2-TB-3, participants were familiar with error
handling and could anticipate it.

The results demonstrate that for regular occurring operation errors, pressing a button in quick succession requires
the same effort as a single press. The results may be applied to interfaces where a value is changed with quick
button presses (e.g., climate temperature, scrolling through a list). In such cases, quick repeated button presses
likely do not result in increased driver distraction.

Table 30: Touch-Based Interface - Correction of Operation Errors

Description
ltem Description CL Optimal CL Suboptimal Operationalization
Direct cancellation
M2-TB-4 Correction of One action, Multiple actions, possible vs.
Operation Errors immediately slowly pressing cancel
button 3 times

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -2 | EoU 0 | MDev 0| EoU 0
SDLP -1 | Distr -1 | SDLP 1 | Distr 0
RT 0 | Miss 0| RT 0 | No -1
Error 0 Error 0
Sum -3 | Sum -1 | Sum 1| Sum -1 1.34 0.14

Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-TB-3 Driving-related Information Always Visible describes that driving-related information
(e.g., speed, assistance status) is always visible for the driver (see Table 31). For validation, the design principle
was violated by placing the touch-based interface in such a way that it covered just the speedometer of the LCT.
The driving environment remained largely visible. There were only slight negative effects on driving performance for
both the simple and complex task (both RT). Likewise, there were only minor effects on operation quality (simple
task: EoU; complex task: N). There are several limitations to the validation approach of this design principle. First,
the LCT does not require the driver to constantly check their speed as it is limited to the required 60 km/h. Second,
with moving the interface, not only was the visibility of the driving-related information altered but also the viewing
distance between the driving simulation and the touch-based interface and the reachability. Together with lack of a
distinct effect, the validation cannot be used to draw conclusions on the visibility on driving-related information.

For real driving, however, this principle is essential as drivers need to be in-the-loop and stay informed about the
current driving status. Therefore, in cases where driving-related information is presented in the touch-based
interface, it should always be visible (e.g., separate areas for displaying such information).

Table 31: Touch-Based Interface - Driving-related Information Always Visible

Description
Item Description CL Optimal CL Suboptimal Operationalization
Driving-related Always visible, Information Display separate
M1-TB-3 Information Always | display separate sometimes covered | vs. covered by
Visible from touchscreen by touchscreen touchscreen
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU -1 | MDev 0 | EoU 0
SDLP 0 | Distr 0 | SDLP 0 | Distr 0
RT -1 | Miss 0| RT -1 |N -1
Error 0 Error 0
Sum -1 | Sum -1 | Sum -1 | Sum -1 1.14 0.14
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.



75

The design aspect M2-TB-5 Interaction Speed specifies how functions requiring multiple steps pace their interaction
with the driver (see Table 32). More specifically, the interaction speed should be defined by the driver and not the
function. For the validation, the design principle was tested with the complex task only. Here, the phone number had
to be putin completely in under three seconds, otherwise the input would be cleared, and drivers had to start inserting
the digits again. Driving performance was negatively affected (MDev) as was subjective operation performance
(Distr). Interestingly, objective operation performance remained unaffected as the number of numbers put in (N) did
not decrease. The results point towards drivers focusing on inputting the numbers and deprioritizing the driving task.

Therefore, the results indicate that multiple-step function operation should wait for driver input. Otherwise, drivers
will more intensively focus on function operation instead of driving, resulting in higher levels of driver distraction.

Table 32: Touch-Based Interface - Interaction Speed

Description
Item Description CL Optimal CL Suboptimal Operationalization
Waits briefly, Waits indefinitely
M2-TB-5 Interaction Speed Waits indefinitely returns, gives vs. reset after 3s
instructions (re-enter number)
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev -2 | EoU 0
SDLP 0 | Distr 0 | SDLP 0 | Distr -2
RT 0 | Miss 0| RT O|N 0
Error 0 Error 0
Sum 0 | Sum 0 | Sum -2 | Sum -2 1.27 0.14
Negative effect on driving performance
Note: Only complex task tested.

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-TB-6 Additional Feedback refers to functions incorporating multiple channels of feedback
accompanying the operation process (see Table 33). Ideally, feedback beyond the visual channel should be used
to reduce glances away from the road. For validation, an interface without acoustic feedback was used, thereby
violating the design principle. This had only a slight negative effect on driving performance for the simple task (MDev)
and no effect for the complex task. Overall, operation quality was not affected for the simple task (sum of zero),
however, there were clear effects for the complex task (subjective: EoU, Distr; objective: N). Regarding driver
distraction, only the simple task was affected but due to the lack of differences in qualitative operation quality, this
effect is most likely random instead of being indicative of a driving performance detriment. With operation quality
only being impacted for the complex task, the provision of extra feedback seems to be helpful for distinguishing
between the steps in a multiple-step function operation. Obviously, this distinction is not important when the function
is single-step. There are some considerations to make: First, the simple task was an indicator task. In real life, the
operation of such an important function should never omit auditory feedback, especially as it would require visual
effort to check whether the function has been successfully activated. Second, in our experiment, participants were
very familiar with the operation of the functions as they regularly interacted with them. The function usage likely
reached an overlearned state. As a result, omitting the auditory feedback did not really alter the visual-manual
resource usage in the function operation process. The results therefore should not be used to overly-omit auditory
feedback as function usage in real-life is done at much lower rates.

Overall, the results demonstrate that, from an ergonomic perspective, auditory feedback is important for operating
multiple-step functions. Although there was no clear effect on driving performance (likely because function operation
was overlearned), we do not suggest omitting auditory feedback. Especially as it allows for the communication of
information without visual effort, thereby mitigating visual-manual distraction.

Table 33: Touch-Based Interface - Additional Feedback

Description
Item Description CL Optimal CL Suboptimal Operationalization
M2TBG Additional ?Zczﬁssg’;’s; ©TOT | Visual feedback Additional feedback
Feedback visual only vs. tablet muted
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -1 | EoU -1 | MDev 0| EoU -2
SDLP 0 | Distr 1| SDLP 0 | Distr -1
RT 0 | Miss 0| RT O[N -1
Error 0 Error 0
Sum -1 | Sum 0| Sum Sum -4 1.25 0.12
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-TB-4 Reflection specifies the reflective properties of the touchscreen (see Table 34). For
validation, reflections towards the drivers were simulated by slightly blinding participants with the outer light beam
of a torchlight. This had no distinct effect on driving performance (only SDLP for the complex task). Operation quality
was slightly affected: Subjective measures for the simple task (EoU, Distr) and subjective as well as objective
measures for the complex task (EoU, N). The results indicate that when reflected light hits the driver’s eyes, it does
not really result in increased driver distraction while operating functions. However, the validation did not incorporate
full screen reflections that would likely more negatively impact the readability of the screen. Also, function operation
was well learned so that participants did not perform an exhaustive visual search for control elements. Therefore,
the results need to be treated carefully.

Screens should still reduce glare and reflections to make it easy for drivers to quickly find their desired control
elements.

Table 34: Touch-Based Interface - Reflection

Description
Item Description CL Optimal CL Suboptimal Operationalization
No illumination vs.
M1-TB-4 Reflection gﬂggerp:gs”g light 2';63;’:\/:226‘“[19 ﬂ;shlliJght f?or?w th:
side
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU -1 | MDev 0 | EoU 2
SDLP 0 | Distr -2 | SDLP -1 | Distr 0
RT 0 | Miss 0|RT 0N -2
Error 0 Error 0
Sum Sum -3 | Sum -1 | Sum 0 1.21 0.11
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-TB-5 Viewing Distance Downwards refers to the vertical placement of the touchscreen (see
Table 35). In the validation, the design principle was violated by placing the touchscreen at a lower position
representing a center stack placement. This had only a slight negative effect on driving performance for one measure
for the complex task (SDLP). Otherwise, there were no effects on driving performance for the simple task. Operation
quality was not impacted for the simple task, however, both subjective (EoU) and objective (N) operation quality
were negatively affected for the complex task. The results indicate that the vertical placement of the touchscreen
does not substantially influence driver distraction beyond the base level (reference version). Still, the effects point
towards the complex task being impacted to a greater degree than the simple task regarding operation quality. Also,
as the number of inserted numbers (N) decreased, this could point towards a possible compensation effect. Perhaps,
the complex task got too difficult so that drivers focused on driving instead of function operation.

Overall, the touchscreen’s vertical placement should be close to the driver’s line of sight to reduce the viewing
distances between the road and the touchscreen.

Table 35: Touch-Based Interface - Viewing Distance Downwards

Description
Item Description CL Optimal CL Suboptimal Operationalization
Tablet next to
M1-TB-5 Viewing Distance 0° — 15° 30° _ 45° steering wheel vs.
Downwards lower at center
stack height

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 0 | EoU -1
SDLP 0 | Distr 0 | SDLP -1 | Distr 0
RT 0 | Miss 0| RT 0|N -2
Error 0 Error 0
Sum 0 | Sum 0 | Sum -1 | Sum -3 1.21 0.11

Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design characteristic M1-TB-6 Tilt demands that the touchscreen should be tilted towards the driver to reduce
visual-manual effort (see Table 36). For the validation, the horizontal and vertical tilt towards the driver was removed.
To this end, the screen was aligned with the table edge of the experimental setup and tilted upright. The violation of
the design principle did not result in increased driver distraction. For the simple task, subjective operation quality
was somewhat affected (EoU, Distr), and for the complex task, objective operation quality (N) was impacted. As
there was no clear effect on driver distraction, the design principle does not appear to be essential in the context of
driver distraction. However, operation quality was affected and here, for the complex task, the number of inserted
numbers decreased. This result indicates increased task difficulty but it could also point towards compensation
where drivers focused on driving instead of function operation.

Both considerations suggest that the screen should still be tilted towards the driver, although tilt is not a main
contributor to driver distraction.

Table 36: Touch-Based Interface - Tilt

Description
ltem Description CL Optimal CL Suboptimal Operationalization
Tilted
tilt
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU -1 | MDev 0 | EoU 0
SDLP 0 | Distr -1 | SDLP 0 | Distr 0
RT 0 | Miss 0| RT 0N -2
Error 0 Error 0
Sum 0 | Sum -2 | Sum 0 | Sum -2 1.07 0.08
No effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-TB-7 Legibility refers to the design of the touch-based interface’s contents that affect legibility
(see Table 37). For validation, legibility was reduced by making all buttons and text smaller and in a light-grey color.
The violation of the design principle had no effect on driving performance or on objective operation quality for both
tasks. Only subjective operation quality was slightly affected (EoU). For the interpretation of the results, it is important
to consider that participants were familiar with the interface and had learned to operate both tasks well. Therefore,
it is expected that switching to a low-contrast interface did not increase visual demand by a great magnitude.

However, this might be different if a driver has to operate a function that they are not familiar with. In such cases, it
could be expected that a low-contrast interface leads to greater visual demand and increased driver distraction.
Therefore, we recommend using a high-contrast and easy-to-read interface design.

Table 37: Touch-Based Interface - Legibility

Description
ltem Description CL Optimal CL Suboptimal Operationalization
. Contents large and Contents too Large, high-co.ntrast
M2-TB-7 Legibility high-contrast small/large, low- vs. icons/text light
contrast grey, very small
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU -1 | MDev 0| EoU -1
SDLP 0 | Distr 0 | SDLP 0 | Distr 0
RT 0 | Miss 0| RT 0N 0
Error 0 Error 0
Sum 0 | Sum -1 | Sum 0 | Sum -1 1.04 0.04

No effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-TB-7 Brightness and Contrast refers to the brightness and contrast abilities of the touchscreen
(see Table 38). For the validation, the brightness was set to a very low setting so that reflections became visible on
the screen. This had no effect on driving performance. Only objective operation quality was affected for the complex
task (Error). As with the previous aspect M2-TB-7 Legibility, it has to be noted that participants were very familiar
with the function operation process. Therefore, it was expected that reducing the screen brightness over a single
trial would not have a major impact. This might be different when the function menu is only used rarely.

The results have two implications: First, if drivers are familiar with the interface and the brightness is too low for a
short amount of time, it does not greatly increase visual effort. This might happen when driving through dark areas
(e.g., under a bridge) so that the interface dims its brightness. When entering bright areas again it might be too dark
for a limited time. Second, brightness should be kept optimal if the function’s operation is not well learned as this
presumably leads to increased visual demand and therefore driver distraction.

Table 38: Touch-Based Interface - Brightness and Contrast

Description
ltem Description CL Optimal CL Suboptimal Operationalization
Insufficient
’ timal (809
Brightness and Optimal, adjustable | adjustable, no OP imal (80%
M1-TB-7 } ; brightness) vs. dark
Contrast and automatic automatic .
. (20% brightness)
regulation
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 0 | EoU 0
SDLP 0 | Distr 0 | SDLP 0 | Distr 0
RT 0 | Miss 0|RT 0N 0
Error 0 Error -2
Sum 0 | Sum 0 | Sum 0 | Sum -2 1.07 0.04
No effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.



82

The design aspect M1-TB-8 Attentional Guidance refers to how attention is guided within the interface (see Table
39). It should clearly communicate what buttons are relevant for function operation by their sizing, placement, and
coloring. For the validation, the attentional guidance was disrupted by inserting colored text and geometric objects
acting as distractors. This had no effect on driving performance for both tasks. Objective operation quality was

negatively impacted for the complex task (N).

As with the previous aspects M2-TB-7 Legibility and M1-TB-8 Brightness and Contrast, function operation was well
learned so that minimal effects were expected. For less frequently used functions, results are likely different.
Therefore, we advise incorporating a visual distinct interface that guides attention towards the relevant elements of

function operation.

Table 39: Touch-Based Interface - Attentional Guidance

Description
ltem Description CL Optimal CL Suboptimal Operationalization
. Interaction _ Concise interface
Attentional .. No communication, .
M1-TB-8 Guidance principles and uidance distractin vs. salient
guidance optimal 9 9 distractors (colorful)

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev EoU 0
SDLP 0 | Distr 0 | SDLP Distr 0
RT 0 | Miss 0| RT N -2
Error 0 Error 0
Sum 0 | Sum 0| Sum Sum -2 1.07 0.04

No effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-TB-9 Minimalism demands that an appropriate amount of content is placed on the screen
(see Table 40). Ideally, the interface is not cluttered. For the validation, distractor text and objects were randomly
placed on the screen. These were the same distractors as used for the validation of M1-TB-8 Attentional Guidance,
however, their opacity was increased and shades of light grey instead of colors were used. For the complex task,
there was an effect on driving performance, however, it amounts to zero (SDLP worse, RT better). Operation quality
was only slightly affected for the simple task (Miss). As with all previous perceptive design aspects (M2-TB-7
Legibility, M1-TB-7 Brightness and Contrast, M1-TB-8 Aftentional Guidance) function usage was well learned and
is therefore not indicative of more sparse function interactions like in real life.

Together with the effects on driving performance for the complex task, we strongly advise to not overload the visual
interface with text or other elements.

Table 40: Touch-Based Interface - Minimalism

Description
Item Description CL Optimal CL Suboptimal Operationalization
MA1-TB-9 Minimalism All content short | Contents rather anvisiéﬂti;fﬁﬁﬁt
and concise long distractors (grey)
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 0| EoU 0
SDLP 0 | Distr 0 | SDLP -2 | Distr 0
RT 0 | Miss -1 | RT 2| N 0
Error 0 Error 0
Sum 0 | Sum -1 | Sum 0 | Sum 0 1.04 0.02
No effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The aspect M2-TB-8 In-process Abortion describes that a function operation process with multiple steps can be
aborted at any point (see Table 41). For the validation of the principle only the complex task was tested. Here, the
number had to be fully inserted before any digit or the full number could be deleted. There were no effects on driving
performance and operation quality. Most likely this is due to participants rarely making mistakes during the operation
process. With errors occurring very rarely, the alteration of this design principle had no effects.

However, function operation in real life is not that well learned so that errors will always occur at some points. Having
to deal with error handling would increase operation steps (see M2-TB-3 Risk of Operation Errors & M2-TB-4
Correction of Operation Errors) that would most likely negatively impact driving performance. Therefore, we strongly
advise that function operation can be aborted at any point.

Table 41: Touch-Based Interface - In-process Abortion

Description
Item Description CL Optimal CL Suboptimal Operationalization
. Possible at any Only at some points Partigl/full deletion
M2-TB-8 In-process Abortion point and only poss_lb.le VS. a.t least
cumbersome 11 digits required
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev EoU 0 | MDev EoU 0
SDLP Distr 0 | SDLP Distr 0
RT Miss 0| RT N 0
Error 0 Error 0
Sum Sum 0| Sum Sum 0 1 0
No effect on driving performance
Note: Only complex task tested.

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-TB-10 Viewing Distance to the Right describes how far to the right the driver must view and
reach for the interface (see Table 42). For the validation, the interface was placed on a stand and put to the right of
the participant. The screen was the same height as when placed on the table (reference version) and was tilted
towards the driver. This had no negative effect on driving performance. For the complex task, there was a slight
positive effect on driving performance (MDev). Regarding operation quality, there was no effect for the simple task.
For the complex task, there was a slight positive effect on subjective operation quality (EoU) but a negative effect
on objective operation quality (N). For the complex task’s operation, the results largely indicate that drivers engaged
less with the interface (N) so that this might have led to the slight improvement in driving performance (MDev).

The results indicate that increasing the viewing distance to the right does not considerably increase driver distraction
beyond the reference level. Still, we advise keeping the interface close to the driver’s field of view.

Table 42: Touch-Based Interface - Viewing Distance to the Right

Description
ltem Description CL Optimal CL Suboptimal Operationalization
Tablet next to
participant
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 1| EoU 1
SDLP 0 | Distr 0 | SDLP 0 | Distr 0
RT 0 | Miss 0| RT 0[N -2
Error 0 Error 0
Sum 0 | Sum 0| Sum 1| Sum -1 1.04 -0.03
Possible positive effect on driving performance (likely no effect)

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-TB-11 View on the Road Not Blocked demands that the touchscreen does not block the view
on the road (see Table 43). For the validation, the tablet was placed in such a way that the bottom right-hand corner
of the LCT’s screen was obstructed. There was only a slight negative effect on driving performance for the simple
task (RT) but a positive effect for the complex task (MDev). Also, for the complex task, there were a positive (EoU)
as well as a negative effect (N) on operation quality. Overall, the results point towards marginal but not really distinct
effect. The results are somewhat comparable to M1-TB-3 Driving-related Information Always Visible. There, the
negative effect on driving performance was more distinct and only negative. The deviation could be attributed to
several factors: First, the bottom right half of the LCT was not visible, which might have impacted lane tracking and
maneuvering performance. This might be somewhat visible in the simple task’s driving performance. Second, with
the changed screen placement, viewing and reaching distances were altered. Although participants reported a better
EoU for the complex task, the number of inserted numbers (N) decreased. As the driving performance increased at
the same time, this most likely suggests participants were compensating by focusing on driving instead of operating
the function.

In light of these considerations, we advise to not placing the screen in a way that is too close to the driver’s line of
sight where it blocks the view on the road.

Table 43: Touch-Based Interface - View on the Road Not Blocked

Description
ltem Description CL Optimal CL Suboptimal Operationalization
Tablet to the right of
View on the Road , . Peripheral field of steering wheel vs.
M1-TB-11 Not Blocked Clear field of view view blocked in front of monitor
(view blocked)

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 2 | EoU 1
SDLP 0 | Distr 0 | SDLP 0 | Distr 0
RT -1 | Miss 0| RT 0[N -1
Error 0 Error 0
Sum -1 | Sum 0| Sum 2 | Sum 0 11 -0.05

Possible positive effect on driving performance (likely no effect)

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-TB-9 Shortcut is a bonus item, i.e., it is not an essential design principle of the checklist. It
refers to an option to shorten the operation of a complex function (see Table 44). For the validation, the operation of
the complex function was altered by calling contacts via a shortcut instead of inserting a full number. As expected,
there were positive effects on driving performance (MDev, SDLP) and subjective operation quality (EoU, Distr). The
character of the function essentially changed from a multiple-step to a single-step function.

The results indicate that including shortcuts to skip operation steps is a sensible option for reducing driver distraction.

Table 44: Touch-Based Interface - Shortcut

Description
ltem Description CL Optimal CL Suboptimal Operationalization
all Max via
M2-TB-9 Shortcut E)::;L::S(:T with one No shortcuts Shortcut vs. enter
full number
Effects Compared to Reference Version
Simple Complex Scores

DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 1| EoU 2
SDLP 0 | Distr 0 | SDLP 2 | Distr 1
RT 0 | Miss 0| RT 0| No 0

Error Error
Sum 0 | Sum 0 | Sum 3 | Sum 3 1 -0.21
Positive effect on driving performance

Note: Only simple task tested. Bonus item: Optimal implementation tested.

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-TB-12 Deactivation demands that the touch-based interface can ideally be turned off (see
Table 45). For the validation, the suboptimal version (standby interface) was tested by displaying the tablet’s
homescreen. Participants operated neither function and were instructed to focus on driving. The no-operation trials
were measured for both task conditions to allow for comparisons to each respective reference version. Driving
performance was clearly better than with operation (MDev, SDLP, RT), which was expected. In the aspect overview
(see Table 23), driving performance is clearly better than radio operation and even a little better than baseline driving.
This indicates drivers actively ignored the interface and focused more intensively on driving. This could also be due
to learning effects as the baseline was measured before (learning experience only from the learning block) and after
all aspect measurement trials (learning throughout all measurement trials). The aspect M1-TB-12’s trial was
therefore measured somewhere in between so that it could possibly depict the ongoing learning progress leading to
improved driving performance, at least to some degree.

The results indicate that displaying a standby interface is not really a distraction source compared to the screen
being completely turned off (baseline).

Table 45: Touch-Based Interface - Deactivation

Description
Item Description CL Optimal CL Suboptimal Operationalization
Yes. can be Baseline vs.
M1-TB-12 Deactivation swi t;:he d off Standby interface standby interface
(home screen)
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 2 | EoU MDev 2 | EoU
SDLP 0 | Distr SDLP 2 | Distr
RT 2 | Miss RT 2| N
Error Error
Sum 4 | Sum -—- | Sum 6 | Sum 1 -0.5
Positive effect on driving performance
Note: No function operation. Effect of static interface tested.

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-TB-13 Blocking of Distracting Functions refers to whether the interface contains distracting
elements (see Table 46). For the validation, we were interested in the effect of dynamic content on driver distraction
while not operating a function. On the tablet, a video was played and participants were instructed to focus on driving.
As with M1-TB-12 Deactivation, this was measured in both function operation task conditions to allow for a
comparison to the respective reference versions. The results are similar to M1-TB-12: Driving performance is better
when no function is operated (MDev, SDLP, RT). In the aspect overview (see Table 23), driving performance is
better than radio operation and as good as baseline driving. Compared to M1-TB-12 that used a static interface,
driving performance did not improve as much. Therefore, the dynamic stimuli induced stronger distraction than the
static interface.

This result clearly indicates that when drivers are not operating a function, the screen should display static content
(or be turned off) instead of displaying dynamic and salient stimuli.

Table 46: Touch-Based Interface - Blocking of Distracting Functions

Description
ltem Description CL Optimal CL Suboptimal Operationalization
B!ocking of Dynamic/moving . S;::::: i\::erface
M1-TB-13 Distracting No blocking . .
Functions content (video without
sound)
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 2 | EoU MDev 2 | EoU
SDLP 0 | Distr SDLP 2 | Distr
RT 2 | Miss RT 2| N
Error Error
Sum 4 | Sum - | Sum 6 | Sum 1 -0.5
Positive effect on driving performance
Note: No function operation. Effect of static interface tested.

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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7.3.4 Interface Design Aspects: Speech-Based Interface

The analysis of the speech-based design aspects is split into two parts: The first section provides an overview of the
design aspects tested and compares their relative effect on driving performance. The second part analyzes every
design aspect in detail. Here, effects on driving performance and operation quality (objective and subjective) are
discussed as well as implications for function implementation. The design aspects are described in more detail in
the checklist (see Appendix A). The specific operationalization of each design aspect in the experiment is described
in Appendix B.

7.3.4.1 Overview and Comparison to All Three Distraction Reference Levels

Table 47 provides an overview of all design aspects that were tested for the speech-based interface. The design
aspects are sorted in two ways in relation to the reference interface. First, they are arranged by their relative effect
on driving performance (standardized driving performance sum average: DP Avg. — Baseline, see section 7.3.1).
Second, if two or more aspects have the same effect on driving performance, they are sorted by net score. For both
sorting principles, the aspect with the more negative effect on driving performance and operation quality is listed
first. Three groups of aspects can be derived: Those with a negative relative effect on driving performance, those
with no effect, and finally, those who might improve driving performance relative to the reference interface but likely
have no effect. For easy orientation, the driving performance comparison measures (DP Avg.) are colored: negative
relative effects on driving performance are marked orange, no effects are marked grey, and improvements are
marked green. The most distracting interface design aspects are listed at the top of the table.

All design aspects were tested via a suboptimal implementation in the reference version of the interface. In the global
analysis (see section 7.2.1), the speech-based interface had the least negative effect on driving performance in all
three LCT measures (MDev, SDLP, RT) across both tasks. The driving performance was nearly the same as in the
baseline (no distraction) and even better than radio operation (acceptable distraction). Therefore, it is expected that
most aspects led to distraction levels that are slightly worse than the baseline but better than the radio. When
analyzing all three groups of design aspects regarding their effect on driving performance (negative effect, no effect,
positive effect), it is surprising that the volume of the speech-based interface (M1-SB-7) had a positive effect on
driving performance. However, it is a well-known effect that when listening to auditory information becomes more
involved, drivers tend to compensate and tend to focus on the road ahead (cognitive tunneling; Victor et al., 2005).
In the LCT, this perhaps leads to improved driving performance. Regarding the quality of the speech output, it is
interesting that properties such as intelligibility (M1-SB-5) and chimes (M1-SB-6) had no effect while only the length
of the speech output (M2-SB-6) did. This indicates that length of speech-based information is more important than
its structural properties.

In comparison to the reference version, eleven of the 16 design aspects led to a worse driving performance. For
nearly all aspects, there were also negative effects on operation quality. Regarding driving performance, the simple
and complex tasks seem to have been equally affected across all aspects. For the simple task, driving performance
detriments can be seen in MDev and RT, whereas for the complex task, SDLP is additionally affected. The deviation
in SDLP makes perfect sense as the simple task was not executed during lane keeping phases. The magnitude of
effects for all three driving performance measures appears to be equal. For both tasks, subjective operation quality
was impacted to a greater extent compared to objective operation quality. Three aspects did not differ in their effect
on driving performance compared to the baseline. For two of the aspects, there were some positive deviations
(improvements) in subjective and objective operation quality. Finally, there is one aspect that led to better driving
performance when compared to the reference version. However, since the effect is only small and only concerns
one measure (MDev), the aspect most likely is on the same distraction level as the reference version of the interface.

In the following section, each interface design aspect will be discussed in detail. The global results revealed that
speech-based function operation results in comparatively low levels of driver distraction. Furthermore, this effect is
consistent across the simple and complex task. Given this promising result, it is important to ensure the design is
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optimal by mitigating design issues that are likely to lead to driver distraction. Even with the low general level of
driver distraction, the minimum of driver distraction should be the goal. As with both previously discussed interface
types, our validation tested very specific implementations and violations of the speech-based interface’s design
principles. Also, only a simple and complex but no medium complexity task were tested. The results must therefore
be transferred cautiously to other speech-based interfaces and function operation processes.
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Table 47: Validation Results for the Design Aspects of the Speech-Based Interface

wheel

. DP Avg. . . .
Checklist Comparison with reference version
[-1 (worse),+1 (better)]
Item Description Optimal Suboptimal Base. | Radio Ref. ';T: gth Src‘:lz:e Affect[e)zlc: Task Affectoeg Task
Negative effect on driving performance relative to reference version
M2- Fallback Correct according | Incorrectaccording | = g5 | 567 | 083 | 05 | 019 | 0.69 Both Both
SB-1 to decision tree to decision tree
Note: Incorrect fallback tested (simple task: touch-based, complex task: physical controls).
M2- Correction of One command, comm::g)slewait
. barge-in, L -0.83 -0.25 -0.42 0.25 0.09 0.34 Complex Both
SB-2 Operation Errors . . for assistant, no
immediately
feedback
Deactivation Speech-based HMI | Speech-based HMI
Option & deactivatable, not deactivatable,
M1- Alternative fallback correct incorrect fallback 083 047 0.42 0.25 -0.04 0.21 Complex Both
SB-1 Operation Option (decision tree) (decision tree)
Note: Correct fallback tested (simple task: physical controls, complex task: touch-based).
M1 Quality of the Every voice input Prone to dialects
Speech y voice Inp and background | 083 | 025 | -0.33 | 02 | 013 | 033 Both Both
SB-2 s recognized .
Recognition noise
. . . Unreliable, other
M2- Susceptlbmty to Function reliably functions are -0.92 -0.33 -0.33 0.2 0.09 0.29 Complex Complex
SB-3 Operation Errors operable .
activated
Push-to-talk button
M1- Initial activati i i
Hands-free hitial activation via | - before each input | = 5 g3 | 505 | 933 | 02 | 002 | 022 Simple Simple
SB-3 key phrase on the steering
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DP Avg.
Checklist Comparison with reference version
[-1 (worse),+1 (better)]
. . . . Net Net Net Affected Task | Affected Task
Item Description Optimal Suboptimal Base. Radio Ref. DP 0Q Score DP 0Q
. Long predefined
Own ideal .
M2- Shortcut . command, voice -0.67 -0.08 -0.25 0.15 0.06 0.21 Both Both
command possible . .
SB-4 control gives hints
Note: Shortcut tested for complex task. Non-shortcut tested for simple task. Bonus item: Optimal implementation tested.
M2- Risk of ti
isk of Operation No safety risk | Strong distraction | -0.83 | -008 | 047 | 01 | 013 | 023 Complex Both
SB-5 Errors
M2- Additional Speech, chimes, Speech too long, . .
SB-6 Feedback visual if multi-step visual too long 0.75 0.08 0.08 0.05 0-15 0.2 Simple Simple
. Many common
M2- Diverse . One keyword must . .
SB.7 Commands expresspns always be included -0.75 0.17 -0.08 0.05 0.04 0.09 Simple Simple
recognized
Key phrase and "
M Robustness of button not too Toosensitiveto |~ 55 | 008 | -0.08 | 005 | 002 | 0.07 Complex Complex
SB-4 Activation . noise and inputs
sensitive
No effect on driving performance relative to reference version
Intelligibility / -
M1- Perfectl tural Rather artificial
op.g | Quality of Voice © I:ﬁ ﬁ:ae”ra alasrja ! :'a 067 | 0.33 0 0 004 | 0.04 - Complex
Output guag guag
In-process . At some points,
S'\gzé Abortion Atevery point only cumbersome 0.33 0 0 0 0 0 B B
Note: Only complex task tested.
Speech output with Speech output
M1 F.eedbgck chimes and visual only, no chimes or -0.75 0.33 0 0 -0.02 -0.02 - Indicator
SB-6 Dimensions .
feedback visual feedback
Waits briefly, gi
M2- Interaction Speed Waits indefinitely | . ans 'r|e ¥ gves -0.33 0 0 0 -0.09 -0.09 - Complex
SB.9 instruction, cancels

Note: Only complex

task tested.
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DP Avg.
Checklist Comparison with reference version
[-1 (worse),+1 (better)]
. . . . Net Net Net Affected Task | Affected Task
Item Description Optimal Suboptimal Base. Radio Ref. DP 0Q Score DP 0Q
Possible positive effect on driving performance relative to reference version (likely no effect)
Default volume Default volume too
M1- appropriate, loud/quiet,
Vol -0. 2 . -0. .02 -0. I I
SB.7 olume adjustable, adjustable, no 0.58 0.25 0.08 0.05 0.0 0.03 Complex Complex
automatic automatic

Note. Sorted in descending order by negative relative effect on driving performance compared to the reference version (DP Avg. — Ref.). DP = Driving Performance, OQ =
Operation Quality. DP Avg. = Standardized driving performance sum average derived from net score.
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7.3.4.2 Design Aspects in Detail

The effect of each design aspect’s suboptimal implementation will be discussed in detail in the following section.
The operationalization during the validation will be highlighted as well as the specific driving performance and
operation quality metrics affected. Also, the differences between the simple and complex task will be explored. The
aspects will discussed in order of effect on driving performance as shown in Table 47.

The design aspect M2-SB-1 Fallback addresses when speech-based function operation needs to switch to another
HMI modality (see Table 48). This might be necessary when the speech-based interface is not available or outside
circumstances (e.g., noise) make speech-based operation impossible. For the validation, incorrect fallback HMI
modalities were used (see decision tree, see section 5.2.3). The simple task had to be operated via the reference
version of the touch-based interface. The complex task needed to be operated via the reference version of the
physical controls. Therefore, the test of this interface design aspect is a direct comparison of modalities that
resembles the comparison in the global analysis. As expected, driving performance was affected considerably, both
for the simple task (MDev, SDLP) as well as for the complex task (MDev, SDLP, RT). Furthermore, subjective
operation quality was fully affected for both tasks (EoU, Distr). Objective operation quality was only somewhat
negatively affected (Error). The results clearly demonstrate that speech-based operation is superior regarding driver
distraction and operation quality. It was expected that the simple and complex tasks would be equally negatively
affected as incorrect HMI modalities were used for their operation. As seen in the global results (see section 7.2),
operating the complex task with physical controls led to the highest levels of driver distraction. Regarding the simple
task, driving performance did not differ between HMI modalities in the global analysis, however, in this design
aspect’s test it can be clearly seen that the touch-based operation is less suitable for the operation of the simple
task. The correct HMI modalities were tested with the design aspect M1-SB-1 Deactivation Option & Alternative
Operation Option.

The results clearly demonstrate that incorrect HMI modalities should not be used as a fallback option for the speech-
based interface. For simple tasks, physical controls are the correct choice, while touch-based interfaces are the best
choice for complex tasks. We advise against omitting fallback altogether as there will always be cases where the
speech-based interface is not available or suitable.

Table 48: Speech-Based Interface - Fallback

Description
ltem Description CL Optimal CL Suboptimal Operationalization
Incorrect fallback:
et e | ST e sy | oo
controls
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -2 | EoU -2 | MDev -2 | EoU -2
SDLP 0 | Distr -2 | SDLP -2 | Distr -2
RT -2 | Miss 0| RT -2 | N 1
Error -1 Error -2
Sum -4 | Sum -5 | Sum -6 | Sum -5 1.79 0.69
Negative effect on driving performance
Note: Incorrect fallback tested (simple task: touch-based, complex task: physical controls).

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-SB-2 Correction of Operation Errors is concerned with how an erroneous function operation
can be cancelled (see Table 49). The operation error was simulated by displaying a flashing screen with alternating
red and green colors and by playing back error sounds. For the validation, the cancellation process was cumbersome
as the speech-based interface did not directly cancel the function but instead asked “Are you sure?”. Participants
needed to answer with “Yes” to confirm the cancellation. Alternatively, they could cancel the error by pressing a
button on the touchscreen three times. The simple task was essentially unaffected as there were no effects on
driving performance and only a marginal effect in a single operation quality measure (Distr). In contrast, the complex
task was more severely affected, both regarding driving performance (MDev, SDLP, RT) as well as operation quality
(subjective: EoU, Distr). It makes perfect sense that the effect is only visible for the complex task. For one, it was a
continuous operation task compared to the simple task that was only performed at each of the 18 lane changes per
trial. For another, the task was more error prone as drivers needed to remember and put in a phone number. As
there was no effect on objective operation quality (N, Error), this indicates that at least operation speed did not slow
down, which points towards participants switching from speech-based to button-based cancellation. So, this design
aspect highlights an important facet regarding function cancellation: When errors occur in the speech-based
interface and speech-based cancellation is slow, participants will switch over to the touch-based cancellation option.
That makes sense, as when the speech-based interface fails, drivers likely switch to a more reliable interface that
also provides faster operation speed. However, this introduces visual-manual distraction, which is detrimental to
driving safety.

So, the results indicate that it is best when the speech-based interface is designed in a way that operation errors do
not even occur in the first place. If errors do occur, however, cancellation via the speech-based interface must be
easy, otherwise drivers will rely on other HMI modalities for cancellation. Cancellation via another HMI modality
should also be as easy as possible.

Table 49: Speech-Based Interface - Correction of Operation Errors

Description
ltem Description CL Optimal CL Suboptimal Operationalization
Direct cancellation
. via button/speech
. One command, Multiple commands, . .
Correction of . . . vs. cancellation with
M2-SB-2 ) barge-in, wait for assistant, ) .
Operation Errors . . confirmation prompt
immediately no feedback .
or pressing button 3
times
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev -2 | EoU -2
SDLP 0 | Distr -1 | SDLP -1 | Distr -2
RT 0 | Miss 0|RT -2 | N 0
Error 0 Error 0
Sum 0 | Sum -1 | Sum -5 | Sum -4 1.65 0.34
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-SB-1 Deactivation Option & Alternative Operation Option is concerned with alternative access
options to a function in case the speech-based interface is not available for operation (see Table 50). It is closely
connected to the design principle M2-SB-1 Fallback. For the validation, correct fallback HMI modalities (see decision
tree, section 5.2.3) were used. The simple task was operated via physical controls, the complex task via the touch-
based interface. In both cases, the reference version of the interface was used. For the simple task, the driving
performance remained unaffected, however, subjective operation quality improved (EoU, Distr). For the complex
task, the switch in modality had a negative impact on driving performance (MDev, SDLP, RT) and subjective
operation quality (Distr). For objective operation quality, more numbers were inserted (N) but also more errors made
(Error). With the correct modality used, the simple task could be operated just as well as via the speech-based
interface and participants clearly preferred this way of function operation. This extends the results of the global
analysis where the interface types did not differ from one another. It also aligns with the decision tree where physical
controls are intended as the primary access option. For the complex task, the touch-based interface led to results
worse than the speech-based interface. This is in line with the global results and with the decision tree where primary
function access shall be provided via the speech-based interface.

Taken together with the results of the validation of M2-SB-1, the correct fallback modality must be available for
function operation in case the speech-based interface is not available.

Table 50: Speech-Based Interface - Deactivation Option & Alternative Operation Option

Description
Item Description CL Optimal CL Suboptimal Operationalization
L . Speech-based HMI | Speech-based HMI | Correct fallback:
Deactivation Option ) . - .
. deactivatable, not deactivatable, indicator via
M1-SB-1 & Alternative . .
Operation Option fallback correct incorrect fallback physical controls,
P P (decision tree) (decision tree) phone via touch
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 2 | MDev -2 | EoU 0
SDLP 0 | Distr 2 | SDLP -1 | Distr -2
RT 0 | Miss 1| RT 2 | N 2
Error -1 Error -2
Sum 0 | Sum 4 | Sum -5 | Sum -2 1.57 0.21
Negative effect on driving performance
Note: Correct fallback tested (simple task: physical controls, complex task: touch-based).

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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With the design aspect M1-SB-2 Quality of the Speech Recognition, the speech-based interface’s ability to correctly
recognize voice inputs is addressed (see Table 51). For the validation, the processing of the voice inputs was altered
so that in 70% of cases the simple or complex function would be operated incorrectly. For the simple task, there was
only a slight negative effect on driving performance (RT) and some slight negative effects on operation quality
(subjective: EoU, Distr). The effects are more distinct for the complex task, both regarding driving performance
(MDev, SDLP) and operation quality (subjective: EoU, Distr; objective: N). The stronger effects for the complex task
can be explained in two ways. First, the operation errors only occurred within the function. For the simple task, there
were only two operation options (indicating left or right) so that that the error would be indicating in the opposite
direction. For the complex task, however, there were more options for errors (calling another number, calling a
shortcut contact, cancelling a nonexistent call). This might have led to greater distraction as the errors were more
diverse and could not be as easily anticipated as for the simple task. Secondly, function operation was continuous
whereas the simple task was only executed at each of the 18 lane changes in the LCT trial.

The results clearly demonstrate that operation errors in the form of not activating the target function lead to driver
distraction. Furthermore, this effect is more pronounced if the errors are not clearly anticable. For speech-based
interfaces, user inputs must therefore be reliably and correctly recognized.

Table 51: Speech-Based Interface - Quality of the Speech Recognition

Description
Item Description CL Optimal CL Suboptimal Operationalization
. . Prone to dialects Reliable vs. 70%
Quality of the Every voice input .
M1-SB-2 " ) and background incorrect command
Speech Recognition | recognized . .
noise processing
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU -1 | MDev -2 | EoU -2
SDLP 0 | Distr -1 | SDLP -1 | Distr -2
RT -1 | Miss 1| RT 0N -2
Error 0 Error 0
Sum -1 | Sum -1 | Sum -3 | Sum -6 1.53 0.33
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-SB-3 Susceptibility to Operation Errors refers to how likely the interface introduces errors in
the operation process of a given function (see Table 52). It is closely linked to M1-SB-2 Quality of the Speech
Recognition. While M1-SB-2 describes the general ability of the interface to process voice commands, M2-SB-3 is
aimed more at the function itself. For validation, the same logic as M1-SB-2 was embedded into the speech-based
interface: In 70% of cases, another function was activated. However, this time any function in the generic speech-
based interface could be activated, not just a subfunction of the simple or complex task. For example, the music
player or climate control functions could be erroneously activated. Like M1-SB-2, the complex task was more
affected than the simple task. For the simple task, there were no effects on driving performance or on operation
quality. For the complex task, both driving performance (MDev, SDLP) and operation quality (subjective: EoU, Distr;
objective: N) were affected. As discussed with M1-SB-2, this is likely due to the higher complexity and continuous
operation nature of the complex task.

The results further underline that errors in speech-based operation should be avoided, especially at higher task
complexities.

Table 52: Speech-Based Interface - Susceptibility to Operation Errors

Description
Item Description CL Optimal CL Suboptimal Operationalization
; : 0
2563 Suscepivityto | Fncton sty | i S| Gy sabfncion
activated activated
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev -2 | EoU -1
SDLP 0 | Distr 0 | SDLP -2 | Distr -2
RT 0 | Miss 0| RT 0| N -2
Error 0 Error 0
Sum 0 | Sum 0 | Sum -4 | Sum -5 1.59 0.29
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-SB-3 Hands-free specifies the initial activation of the speech-based interface. To mitigate
visual-manual distraction, it should be activated without the use of buttons (see Table 53). For the validation, the
design principle was violated by having participants push a steering wheel button to initiate a dialog with the speech-
based interface. The complex task remained unaffected, whereas for the simple task, driving performance (MDev,
SDLP, RT) and operation quality (subjective: Distr) got worse. The simple task being more affected was expected
since the function operation takes place at the initiation of the lane change. Therefore, any visual-manual
interference at the same time results in driving performance detriments. However, it is curious that there are no
effects for the complex task. Compared to the simple task, the button could be pressed at any time and not just
directly with the lane change initiation. Therefore, drivers could have timed the button press so that it would not occur
during the lane change but during lane keeping only.

The results therefore indicate that hands-free speech-based HMI initiation is only relevant when driving maneuvers
need to be performed at the same time. In uncritical driving situations, however, there is no difference between
activation via a keyword or a steering wheel button.

Table 53: Speech-Based Interface - Hands-free

Description
Item Description CL Optimal CL Suboptimal Operationalization
Push-to-talk button He'y Qtto
Initial activation via before each input activation vs.
M1-SB-3 Hands-free . pressing button
key phrase on the steering
before each
wheel
command
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -2 | EoU 0 | MDev 0| EoU 0
SDLP -1 | Distr -1 | SDLP 0 | Distr 0
RT -1 | Miss 0|RT 0N 0
Error 0 Error 0
Sum -4 | Sum -1 | Sum 0 | Sum 0 1.44 0.22
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-SB-4 Shortcut is a bonus item, i.e., it is not an essential design principle of the checklist. It
refers to an option for shortening the operation of a complex function (see Table 54). In the validation, both a
suboptimal and optimal approach were tested together. For the simple task, direct activation of the indicator was
always possible (reference version). To test a suboptimal “non-shortcut” approach, participants now had to wake up
the speech-based interface with a keyword. In contrast, this keyword always had to be used for the activation of the
complex task (reference version). For the validation, the optimal approach was used by leaving out the keyword and
allowing for directly voicing the phone number. The differences in the reference version (simple task: no keyword,
complex task: keyword) stem from the decision tree (see section 5.2.3) and the maximum of allowed operation steps
per respective level. The magnitude of effects is stronger for the simple task compared to the complex task. Here,
negative effects on driving performance (MDev, RT) and operation performance (subjective: EoU, Distr; objective:
Miss) can be seen. For the complex task, there were some positive effects on driving performance (RT) and
operation quality (subjective: Distr, objective N). The opposite direction of effects between the tasks is fully expected:
For the simple task, the non-shortcut led to more operation steps, thereby increasing operation demand. For the
complex task, with the shortcut, the interaction got simpler and demand decreased. However, the magnitude of
effects is larger for the simple task compared to the complex task. This is likely due to the simple task only having
to be performed 18 times per trial and at the initiation of the lane change. The complex task was continuous and
participants could incorporate pauses at critical driving moments like the lane change initiation. Furthermore, as the
simple task had to be performed at a critical moment, the now preceding activation with the keyword extended the
interaction process well into the lane change itself. Also, this appears to have been difficult as the number of misses
increased.

The results show that shortcut operation is well suited for simple time-critical tasks, whereas benefits are not clearly
visible for complex tasks. However, it must be discussed whether it is sensible to allow direct activation of critical
functions in regard to operation errors: If the speech-based interface falsely detects a command while driving, this
could lead to distracting erroneous function activations. Therefore, the activation via a button (see aspect M1-SB-3
Hands-free) and then using a direct command seems to be the more suitable option.

Table 54: Speech-Based Interface - Shortcut

Description
Item Description CL Optimal CL Suboptimal Operationalization
Own ideal Long predefined stltC;:ht “E:y 8::2
M2-SB-4 Shortcut . command, voice ' y )
command possible . . and more operation
control gives hints
steps
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -2 | EoU -2 | MDev 0| EoU 0
SDLP 0 | Distr -2 | SDLP 0 | Distr 1
RT -2 | Miss -2 | RT 1N 2
Error 0 Error 0
Sum -4 | Sum -6 | Sum 1| Sum 3 1.62 0.21
Negative effect on driving performance
Note: Shortcut tested for complex task. Non-shortcut tested for simple task. Bonus item: Optimal
implementation tested.

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-SB-5 Risk of Operation Errors refers to consequences of an erroneous function operation
regarding driver distraction (see Table 55). It is connected to the previously discussed design aspect M2-SB-2
Correction of Operation Errors. The same simulated operation error was used (flashing screen with red and green
colors and error sounds playback). Compared to M2-SB-2, however, participants could directly cancel the error by
saying “Cancel!” or by pressing a button on the touchscreen. Compared to M2-SB-2, the effect on driving
performance was less severe: Although the simple task remained yet again unaffected, only one measure for the
complex task was affected (MDev) compared to all three with M2-SB-2. Operation performance was slightly less
affected as well for both the simple task (subjective: Distr) and complex task (subjective: EoU, Distr; objective: Error).
Compared to M2-SB-2, the results indicate that operation errors affect driving performance only to some extent, if
the cancellation process is simple. As the cancellation was less cumbersome than with M2-SB-2, participants could
reliably use the speech-based cancellation command and did not need to rely on the button press. However, button
presses still occurred for the complex task as it required continuous operation. Furthermore, the interface was
visually inspected to check the status of function operation, so that the red cancellation button likely appeared as
the safer and quicker way to deactivate the malfunction.

As with M2-SB-2, the best solution regarding operation errors is to not let them occur in the first place. However, if
they occur, their effect on driving performance is not as severe if they can be directly cancelled in a single step.

Table 55: Speech-Based Interface - Risk of Operation Errors

Description
Item Description CL Optimal CL Suboptimal Operationalization
Normal vs.
flashscreen + error
M2-SB-5 Risk of Operation No safety risk Strong distraction sound * . .
Errors cancellation via
direct command or
button
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev -2 | EoU -2
SDLP 0 | Distr -1 | SDLP 0 | Distr -2
RT 0 | Miss 0| RT 0|N 0
Error -1 Error -1
Sum 0 | Sum -2 | Sum -2 | Sum -5 1.39 0.23
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-SB-6 Additional Feedback specifies the types of feedback the speech-based interface
provides (see Table 56). For the validation, only speech-based feedback was provided without any chimes or visual
feedback. Furthermore, the length of the speech-based feedback was increased to elongate the operation process.
For the complex task, this had no effect on driving performance or on operation quality compared to the reference
version. For the simple task, there was a slight effect on driving performance (MDev). However, every measure of
operation quality was affected negatively (subjective: EoU, Distr; objective: Miss, Error). Regarding driver distraction,
the length of the feedback has no substantial impact. However, operation quality suffers from elongated responses
when the function operation is time-critical. Most often, this was because the interface was still responding to the
first lane change when a second lane change appeared. Thereby, operating the simple task for this next lane change
became impossible.

The results highlight that elongated feedback is not suitable for repeated quick function use. Therefore, feedback
should ideally be kept brief and distinct.

Table 56: Speech-Based Interface - Additional Feedback

Description
ltem Description CL Optimal CL Suboptimal Operationalization
M2-SB-6 Additional Speech, chirTles, Speech too long, ésd.dr:iogr?iln:z??oanc;
Feedback visual if multi-step visual too long filler phrase
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -1 | EoU -2 | MDev EoU
SDLP 0 | Distr -2 | SDLP Distr
RT 0 | Miss -2 | RT N
Error -2 Error
Sum -1 | Sum -8 | Sum 0 | Sum 0 14 0.2
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-SB-7 Diverse Commands specifies that the speech-based interface must be able to recognize
many expressions referring to the same target function (see Table 57). For validation, the speech-based interface’s
ability to understand commands was made stricter by requiring participants to always include the general function
term (simple task “indicator,...”, complex task “phone,...”) before voicing the actual function command. For the
complex task, this had no effect on driving performance or on operation quality. For the simple task, driving
performance (MDev) and operation quality (subjective: EoU, Distr) were somewhat negatively affected. Perhaps
violating this design principle by adding an additional preceding command could be easily learned by the participants
so that the command did not really become more unflexible. Also, function operation was well learned as participants
repeatedly used the function. Therefore, the absence and small magnitude of effects is expected.

In real life, functions are operated less frequently, and some functions are only ever rarely used. Therefore, we
strongly advise that the interface can understand a multitude of commands addressing the same target function. By
doing so, drivers do not have to think extensively about the right command and the likelihood of activating an
unintended function is lowered.

Table 57: Speech-Based Interface - Diverse Commands

Description
Item Description CL Optimal CL Suboptimal Operationalization
Various commands
Many common One keyword must | vs. “indicator” and
M2-SB-7 Diverse Commands | expressions y . . i
. always be included phone” must
recognized .
always be included
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev -1 | EoU -1 | MDev 0| EoU 0
SDLP 0 | Distr -1 | SDLP 0 | Distr 0
RT 0 | Miss 0|RT 0N 0
Error 0 Error 0
Sum -1 | Sum -2 | Sum 0 | Sum 0 1.18 0.09
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design principle M1-SB-4 Robustness of Activation focuses on how reliably the speech-based interface can be
activated (see Table 58). For the validation, activation errors were simulated by randomly activating the interface’s
listening mode. This had no effect on driving performance or on operation quality for the simple task. For the complex
task, there were only marginal effects on driving performance (SDLP) and operation quality (objective: Error). As
both functions were operated repeatedly, the random activation only ever rarely happened before the actual
activation by the participant. Furthermore, with the interface doing the switch in a predefined time frame and by
participants being familiar with the interface, they could anticipate this behavior. As the results demonstrate, this did
not really interfere with driving or function operation.

However, in real life, drivers are not constantly engaging with a speech-based interface. So, a random activation of
the interface would likely result in great distraction as drivers would now need to acquire an understanding of what
malfunction just happened. As a result, they would have to think about possible solutions and visually search the
vehicle’s interface and take action to deactivate the speech-based interface. Therefore, we strongly recommend
reliable activation, perhaps via a button (see aspect M1-SB-3 Hands-free) to ensure such random activation errors
do not occur.

Table 58: Speech-Based Interface - Robustness of Activation

Description
Item Description CL Optimal CL Suboptimal Operationalization
Kev phrase and Reliable vs.
Robustness of yp Too sensitive to randomized
M1-SB-4 o button not too . . .
Activation . noise and inputs transition (5—-10s)
sensitive . . .
into listening mode
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP 0oQ Penalty Net
MDev 0 | EoU 0 | MDev 0| EoU 0
SDLP 0 | Distr 0 | SDLP -1 | Distr 0
RT 0 | Miss 0|RT 0N 0
Error 0 Error -1
Sum 0 | Sum 0 | Sum -1 | Sum -1 1.14 0.07
Negative effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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With the design aspect M1-SB-5 Intelligibility / Quality of Voice Output, the quality of the voice output of the speech-
based interface is addressed (see Table 59). For the validation, a lower quality version of the text-to-speech voice
was used and changed in the tablet’s accessibility options. This had practically no effect on driving performance and
operation quality for both tasks. Only some operation quality measures for the complex task were affected
(subjective: EoU; objective: N). This result is within expectations since even though the voice was less well
understandable it was still on an acceptable level. This is not surprising since the tablet would not ship with
unacceptable voicing options. Perhaps effects would appear if voice quality was quite worse.

The results imply that function operation via the speech-based interface is not really affected by the quality of the
voice output. Still, we advise using an easy-to-understand voice output.

Table 59: Speech-Based Interface - Intelligibility / Quality of Voice Output

Description
Item Description CL Optimal CL Suboptimal Operationalization
Intelligibilit Voice “Viktor”
M1-SB-5 Quealitgyti)f \};c/)ice ; i;flejc;tg;natural I: i:‘j;ga:iﬁdal (n(;’::ural) vso. “Anna”
Output (artificial)
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 0| EoU -1
SDLP 0 | Distr 0 | SDLP 0 | Distr 0
RT 0 | Miss 0| RT 0|N -1
Error 0 Error 0
Sum 0 | Sum 0 | Sum 0 | Sum -2 1.07 0.04
No effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-SB-8 In-process Abortion specifies that a function operation with multiple steps can be
aborted at any point (see Table 60). This design aspect was therefore only tested with the complex task. Here, the
interface would not allow for cancellation in cases where participants started a call to the wrong number. However,
as participants nearly never input the wrong number, it was expected that an alteration in the cancellation procedure
would not have any effect.

Still, we argue that cancellation at any step is always important, especially regarding operation errors. If the operation
cannot be aborted in a single step, this may result in long operation paths, inducing high levels of driver distraction.

Table 60: Speech-Based Interface - In-process Abortion

only cumbersome

Description
Item Description CL Optimal CL Suboptimal Operationalization
Cancellation
, . At some points, possible (via
M2-SB-8 In-process Abortion | At every point

speech or touch)
vs. no cancellation

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 0| EoU 0
SDLP 0 | Distr 0 | SDLP 0 | Distr 0
RT 0 | Miss 0|RT 0N 0
Error 0 Error 0
Sum 0 | Sum 0| Sum 0 | Sum 0 1 0

No effect on driving performance

Note: Only complex task tested.

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-SB-6 Feedback Dimensions refers to the feedback channels used by the speech-based
interface (see Table 61). Ideally, auditory (voice and chimes) and visual feedback are used for redundancy to ensure
the driver can reliably monitor the system status. For the validation, the chimes and visual feedback were removed
and only voice feedback was used. This had practically no effect on driving performance and function operation
quality for both tasks. This makes for an interesting comparison with the aspect M2-SB-6 Additional Feedback where
the feedback was limited in the same way but the length of the voice output was additionally increased. With
increased length of the voice output, operation performance of the simple, time-critical task was negatively affected.
Together with this result, there is no difference between richer and simpler feedback in regard to the feedback
dimensions used.

Therefore, speech-based interfaces can use a variable amount of feedback channels. However, this likely depends
on a per function basis as some functions benefit from visual feedback (showing a navigation route) while others do
not (activating wipers, function activation itself can be seen).

Table 61: Speech-Based Interface - Feedback Dimensions

Description
Item Description CL Optimal CL Suboptimal Operationalization
Speech output with | Speech output only, | Speech + chimes +
Feedback . . . . .
M1-SB-6 ) ) chimes and visual no chimes or visual | visual vs. speech
Dimensions
feedback feedback only
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev EoU 0
SDLP 0 | Distr 1| SDLP Distr 0
RT Miss 0| RT N 0
Error 0 Error 0
Sum 0 | Sum 1| Sum Sum 0 1 -0.02
No effect on driving performance

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M2-SB-9 Interaction Speed describes that during a multiple-step function operation the interaction
speed is defined by the user (see Table 62). Accordingly, the design aspect was tested with the complex task only.
Here, the function would time out of the listening state within three seconds. For successful operation, participants
therefore had to voice the number within three seconds. This was done to increase operation demand by
incorporating time pressure. This had no effect on driving performance. Curiously, this had a positive impact on
subjective (EoU, Distr) and objective operation quality (N). The increase in the number of inserted numbers was
expected as participants hurried to enter them. The improved subjective operation quality may be due to the
participants focusing more on the operation process and experiencing it more intensively, perhaps resulting in a
feeling of success. From a driving performance perspective, the results would indicate that interaction speed is not
a key component in reducing driver distraction. As mentioned previously, drivers were well acquainted with the
operation process. In real life, function operation is much rarer.

Under these circumstances, real life function operation cannot be compared to the well learned operation process
during the validation. As a result, a sudden reset would require the driver to understand the system status by looking
at a screen. This would bind cognitive and visual resources, likely resulting in driver distraction. Therefore, we advise
that the function waits for driver input instead of resetting or proceeding on its own.

Table 62: Speech-Based Interface - Interaction Speed

Description
Item Description CL Optimal CL Suboptimal Operationalization
. . . Waits indefinitely
Waits briefly, .
M2-SB-9 Interaction Speed Waits indefinitely . ats .rle ¥, gives vs. timeout after 3s
instruction, cancels | . . .
in listening mode

Effects Compared to Reference Version

Simple Complex Scores
DP oQ DP 0oQ Penalty Net
MDev 0 | EoU 0 | MDev 0| EoU 1
SDLP 0 | Distr 0 | SDLP 0 | Distr 2
RT 0 | Miss 0| RT O[N 2
Error 0 Error 0
Sum 0 | Sum 0| Sum 0 | Sum 5 1 -0.09

No effect on driving performance

Note: Only complex task tested.

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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The design aspect M1-SB-7 Volume refers to the output volume of the speech-based interface. Ideally, the output
can be well heard by the driver under all circumstances (see Table 63). For validation, the volume was reduced to
10 % of the tablet's maximum loudness compared to the 50 % used in the reference version. This had basically no
effect on driving performance and operation quality across both tasks. This result is within expectation as the
validation took part in a quiet science lab with some noise from the driving simulation. However, this is not
representative of the loudness and noises that occur during real life driving.

So, even though there was no effect during validation, we strongly advise that speech-based interfaces provide
auditory feedback at appropriate loudness levels for all circumstances.

Table 63: Speech-Based Interface - Volume

Description
ltem Description CL Optimal CL Suboptimal Operationalization
Default volume Default volume too Appropriately loud
s, | adusatie,no | very el (10%
automatic automatic vulme)
Effects Compared to Reference Version
Simple Complex Scores
DP oQ DP oQ Penalty Net
MDev 0 | EoU 0 | MDev 1| EoU 0
SDLP 0 | Distr 0 | SDLP 0 | Distr 0
RT 0 | Miss 0| RT 0N 0
Error 0 Error -1
Sum 0 | Sum 0| Sum 1| Sum -1 1.04 -0.03

Possible positive effect on driving performance (likely no effect)

Note. CL = checklist, DP = driving performance, OQ = operation quality. MDev = mean deviation from ideal trajectory,
SDLP = standard deviation from ideal trajectory, RT = reaction time. EoU = ease of use, Distr = subjective distraction,
Miss = number of misses, N = number of inserted numbers, Error = number of errors.
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7.4 Summary

The validation was primarily aimed at identifying the most important design aspects for each HMI type in regard to
driver distraction. By doing so, the HMI checklist will treat more pressing interface design issues in a stricter manner.
This is not only valuable for the evaluation of an interface but also at the design stage for respecting fundamental
design principles that ensure safe function operation while driving. Besides the evaluation of the design aspects
within each HMI modality, the validation also allowed for a comparison between modalities with respect to task
complexity.

The validation incorporated a dual task scenario where participants drove in the LCT and operated both a simple
and complex task via generic interfaces. A generic interface was designed for each of the three HMI modalities
(physical controls, touch-based, speech-based). In the reference version, each design aspect was implemented in
the optimal way. For the comparison of the HMI modalities with respect to task complexity, this reference version
was used. For the validation of the design aspects, one design aspect at a time was implemented in a suboptimal
manner while the remaining aspects stayed optimal. The effect of this suboptimal implementation was then
compared to the reference version (optimal implementation) regarding driver distraction and operation quality.

The global analysis compared the reference versions of each HMI type (physical controls, touch-based, speech-
based) across both tasks (simple, complex) regarding driving performance. For lateral deviation (MDev, SDLP),
there was no difference between the three HMI modalities for the simple task. However, as shown in the validation
of the speech-based design aspects Fallback and Deactivation & Alternative Operation Option, physical controls
and the speech-based interface performed on the same level and resulted in less driver distraction compared to
touch-based operation. For the complex task, the speech-based interface resulted in the least driver distraction,
followed by the touch-based interface, with physical controls being the most distracting operation option. Regarding
temporal measures (RT), the speech-based interface resulted in the quickest steering responses across both tasks.
For the simple task, physical controls were the second-best option whereas the touch-based option is the second-
best option for the complex task. Overall, the speech-based interface resulted in the least driver distraction across
all measures (MDev, SDLP, RT).

Table 64 provides an overview of the design aspects that were tested for physical controls. It summarizes the design
aspects and their net score into overarching design concepts. The concepts should be seen as a suggestion since
they are derived from our study’s design and results. As often mentioned, the operationalization of the design
aspects is always specific and will differ between studies and applications, i.e., vehicle cockpits. Besides the
overarching concepts, we provide design recommendations drawn from the validation results. The design aspects
are sorted in the same order as in Table 10. Therefore, the aspects whose violation had the greatest negative effect
on driving performance are listed first. As described in their introduction, physical controls come in many shapes
and forms and can be placed in various positions in the vehicle cockpit. The validation revealed the importance of
reducing the motor effort required for operation. To achieve this, the control elements should be placed close to the
driver, and the interaction must be made easy by incorporating, e.g., shallow travel distances. Less but still important
is the reduction in operation steps as well as physical properties like labeling or antireflective properties. For the
latter, it should be noted that during validation participants were very familiar with operation so that altering specific
aspects (like labeling) during one trial did not have a substantial effect. Therefore, these design principles should
not be underestimated regarding their effect on driver distraction.

Table 64: Physical Controls - Design Aspect Summary

Overarching Concept | Design Aspect Design Recommendation

— Position close to the driver

Susceptibility to Operation Errors > Make interface easy to grab

Mechanical Effort

& Net Score: 0.28 . . —  Control element should require low motor
Blind Operation .
effort (e.g., shallow travel distance)
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Overarching Concept | Design Aspect Design Recommendation

— Place control elements close to driver

Viewing Distance to the Right .
g g — ldeally steering wheel controls

. . — Adhere to established control element
Expectation Conformity

Proximity placement and operation logic
@ Net Score: 0.21 — Place control elements close to the driver
Reachability — Place elements close to the driver’s line of
sight
Viewing Distance Downwards — Center stack placement is acceptable
Use as little operation steps as possible
. Correction of Operation Errors - . ! P r I P posst
Interaction Effort — Quick repeated inputs are acceptable
@ Net Score: 0.09 . . — Reduce the likelihood of errors and
Risk of Operation Errors . .
additional operation steps
Glare — Make control elements matte
Physical Properties L ]
Comprehensibility — Labeling should be easy to read
@ Net Score: 0.05
Legibility — Labeling should be easy to understand

Table 65 provides an overview of the design aspects that were tested for the touch-based interface. It summarizes
the design aspects and their net score into overarching design concepts. Also, it shows the design recommendations
drawn from the validation results. The design aspects are sorted in the same order as in Table 23. Therefore, the
aspects whose violation had the greatest negative effect on driving performance are listed first. As the touch-based
interface is visually rich and does not provide tactile feedback compared to physical controls, the validation revealed
the importance of reducing visual-manual effort. To reduce the interaction effort, simple gestures (e.g., tapping
instead of sliding) and appropriate button sizes should be used. Also, for the interaction process, extra inputs should
be avoided when, for example, the interface is unresponsive or errors occur that need to be handled by the driver.
Compared to physical controls, the proximity to the driver and physical properties are less relevant. Finally, the
design of the visual interface did not really affect driver distraction. As noted for the validation of the according design
principles, this is likely due to the participants being familiar with the interface so that they learned the function
operation well enough to easily overcome an altered interface design. Therefore, these design principles should still
be considered for less frequent real life function operation.

Table 65: Touch-based Interface - Design Aspect Summary

Overarching Concept | Design Aspect Design Recommendation
— Adhere to established operation logic
. Susceptibility to Operation Errors —  Align touch buttons
Interaction Effort . .
— Make touch buttons of appropriate size
@ Net Score: 0.43 . . . .
. . — Use tapping as input instead of sliding or
Expectation Conformity
more complex touch gestures
Input Precision — Reliably register touch inputs
— Reduce likelihood of operation errors and

additional operation steps
—  Keep button placements similar across
menus

Risk of Operation Errors
Interaction Process

@ Net Score: 0.19

— Reverting operation errors via a single or

C ti fO tion E
orrection or Liperation =rrors multiple quick taps is acceptable

— Interaction speed must be dictated by the

Interaction Speed .
P driver
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Overarching Concept | Design Aspect Design Recommendation

—  Complex function operation must be

In- Aborti
n-process Abortion abortable at any point

— Enable skipping operation steps by

Shortcut . ) .
including shortcut options
Reachability — Place the screen close to the driver
Driving-related Information Always | —  Driving-related information must always
Visible be visible
Proximity Viewing Distance Downwards —  Place the touchscreen close to the driver’s

visual field (vertically)

J Net Score: 0.10
— Place the touchscreen close to the driver's

Viewing Dist to the Right
iewing Listance fo the Rig visual field (horizontally)

View on the Road Not Blocked - D<? no’t pllace the. screen too much thin the
driver’s line of sight
Physical Properties Reflection — Make the screen matte and antireflective
@ Net Score: 0.10 Tilt —  Tilt the screen towards the driver
. — Use a high contrast screen and interface
Legibility . .
— Make elements of appropriate size
Brightness and Contrast - U§e high contrast .screen with automatic
. brightness regulation
Visual Interface : . —
@ Net Score: 0.04 Attentional Guidance — Make the visual |nt§rfac.e.d|st|nct (e.9.
buttons are clearly identifiable)
— Avoid visual clutter

Minimalism — Display only appropriate an appropriate
amount of content

Finally, Table 66 provides an overview of the design aspects that were tested for the speech-based interface. It
summarizes the design aspects and their net score into overarching design concepts. Also, it shows the design
recommendations drawn from the validation results. The design aspects are sorted in the same order as in Table
47. Therefore, the aspects whose violation had the greatest negative effect on driving performance are listed first.
During validation, speech-based operation was compared to other interface modalities (physical controls, touch-
based) that can be used to access the same functions. This was done since it is unlikely that primary function access
can always be provided via the speech-based interface. This is due to the underlying technical complexity of the
interface (e.g., speech-recognition software, internet access) and its susceptibility to external factors that make
operation impossible (e.g., driver has no voice, noise). In general, the correct fallback modality must be used in
regard to task complexity. For simple tasks, physical controls should be used that allow for low-distraction operation
on the same level as the speech-based interface. For complex tasks, touch-based interfaces should be used that
result in greater distraction compared to the speech-based interface. The speech-based interface should reliably
and correctly identify commands to not introduce errors. For command recognition, short commands are best and
the recognition of many common terms. The speech component of the auditory feedback should be kept short,
however, the use of further kinds of feedback (e.g. chimes, visual) does not appear to be essential regarding
distraction. Finally, the initiation of the speech-based interface both via keyword and button is acceptable. The timing
and cancellation of a function operation process had no effect during validation, however, this was due to the fast
timing and short interactions in our generic speech-based interfaces. Our procedure therefore did not sufficiently
test longer, more complex interactions with the speech-based interface. As a result, we recommend still considering
these principles when designing a speech-based interface.
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Table 66: Speech-based Interface - Design Aspect Summary

Interaction Speed

Overarching Concept | Design Aspect Design Recommendation
— Ideally, make the interaction process
Fallback reliable so that no fallback is needed
— Use correct fallback modalities in
accordance to task complexity
— Reduce likelihood of operation errors and
additional operation steps
Correction of Operation Errors — Make the correction as easy as possible,
Fallback & Correct ideally without falling back to other
Modality Switch modalities
Options
Deactivation Option & Alternative — Use correct alternative modalities in
@ Net Score: 0.39 Operation Option accordance to task complexity
— Both keyword and button activation of
Hands-free speech-based interface are acceptable
— To reduce likelihood of errors, button
activation method recommended
Risk of Operation Errors — Red.u.ce Ilkellhooq of operation errors and
additional operation steps
Speech Recognition Quality of the Speech Recognition | _,  Correctly identify the target function within
@ Net Score: 0.31 Susceptibility to Operation Errors the driver’'s command
— Use shortcuts to shorten the driver-
interface dialogue
c d Lenath Shorteut —  Omit the use of a keyword for activation of
ommandLeng the speech-based interface
@ Net Score: 0.15
— Make the interface able to understand a
Diverse Commands wide range of commands addressing the
same function
K th h- interface’
Additional Feedback - .eep e speech-based interface’s
dialogue short
—  Both pure (auditory feedback only) and
. Feedback Dimensions mixed (auditory & visual feedback)
Auditory Feedback .
interfaces are acceptable
@ Net Score: 0.05
Intelligibility / Quality of Voice — Use a natural, easy-to-understand voice
Output for the interface
Volume - U'se appropriate loudness for every
circumstance
— Activation of the speech-based interface
must be reliable
Robust f Activati
obusiness of Activation — Use of buttons instead of keyword
Interaction Process recommended
‘e Th h- ti f a functi
@ Net Score: -0.01 In-process Abortion - e speech-based opera |on9 a function
must be cancelable at any point
— Interaction speed must be dictated by the

driver
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8 Comparison to Euro NCAP’s General Vehicle Controls

With the 2026 revision of their protocols, Euro NCAP reworked its rating system for vehicle safety. The new
methodology is centered around four stages of safety: safe driving, crash avoidance, crash protection, and post-
crash safety. As part of the safe driving assessment, the driver engagement protocol is aimed at keeping the driver
actively involved in driving. To this end, driver monitoring systems and the use of low-distraction HMIs used for
function operation are evaluated.

8.1 General Vehicle Controls: Structure

The General Vehicle Controls (GVC) assessment, part of the driver engagement protocol (Euro NCAP, 2025), is an
effort to combat the increased reliance on touch-based function operation. To get the best rating, essential functions
(e.g., indicator, wipers, horn) must be accessible via physical controls. The basis for the GVC protocol was the HMI
checklist and the respective research by Horn et al. (2023). The checklist has been adapted for the aim of testing
final HMI designs in vehicles.

The GVC consists of two parts that are concerned with driving-related und non-driving-related functions. Within each
part, there are subcategories that contain functions for which select actions and tasks must be performed (e.g.,
activate the direction indicator to the left and right). For each task, one or two requirements and the acceptable
function implementation must be met to score points.

The acceptable implementation and requirements for each function are derived from the use context of the function.
This is done via the previous version of the decision tree. Depending on the use context, four types of function
implementations and requirements can be derived:

Direct physical input
Direct touch input
Menu-based touch input
Direct voice input

il

The requirements for each function implementation refer to the definition provided by the protocol, the description in
the function implementation section, or additional information provided in the appendix of the according technical
bulletin. For direct physical input (1), the definition requires the interface to provide mechanical movement and haptic
feedback when operated. Also, the driver should be able to identify it by its physical properties alone and the interface
should ideally require no off-road glances. Other solutions without mechanical movement are also allowed, as long
as all other requirements are met. Besides the definition, the requirement control identification — expected locations
demands that physical controls are placed in familiar places in the vehicle cockpit. Regarding direct touch input (2),
the definition describes it as an interface accepting touch inputs and being always accessible. The first requirement
control identification — tactility demands that the interactive area can be identified by its tactile properties and is
bound from controls of other functions. The second requirement control identification — interaction area specifies
that the interaction area should be sufficiently large and spaced from other interaction areas. Menu-based touch
input (3) is only specified by a definition, which states that the interface is comprised of a menu whose operation
requires a maximum of two steps counted from the homescreen. Finally, direct voice input (4) is defined as an
interface that allows for operating devices, applications, and services via voice commands. An additional requirement
is that the speech-based interface should be activated via a button and that an alternative control to the speech-
based operation is implemented.

Besides the interface-specific requirements described previously, the requirement essential driving information in
direct driver's line of sight refers to the visual feedback provided for monitoring the function’s status. The requirement
is assigned to three types of functions: light functions, vehicle assistance activation status, and vehicle assistance
speed control. It mandates that the status of these functions is always visible in the driver's line of sight.
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8.2 General Vehicle Controls and HMI Checklist: Assessment Process and Scope

Just as Euro NCAP’s GVC, our HMI checklist is also aimed at improving driving safety by ensuring functions are
implemented in a way that ensures low-distraction function operation. The GVC is a welcome development and
already covers important functions and design principles, hereby ensuring that unacceptable implementations
should not be considered by manufacturers. However, we think our checklist can be used to enhance the GVC,
especially by providing more details regarding the specific implementation within an HMI modality. In the following
sections, we want to draw attention to the similarities and differences between both instruments and where the GVC
could potentially be expanded.

The general assessment process is rather similar between both instruments, however, there are differences in the
assessment scope, process and overall length. This is largely due to their different roles in the HMI development
lifecycle: the checklist is designed as a tool to inform and guide design decisions during the development process,
whereas the GVC serves as an instrument to evaluate the final design outcome. The GVC uses predefined functions
and tasks that need to pe performed as part of the assessment process. If the requirements are met, points can be
scored. On the other hand, the checklist is designed in an open way, i.e., the functions to be assessed are selected
by the checklist users themselves. Therefore, the use context of the function and the acceptable implementation
must always be derived first and cannot be provided beforehand like in the GVC. Based on the acceptable
implementation of the function in the checklist, the according items need to be checked. Here, only general guidance
is given on how to check the design principle as due to the open design, the principles cannot be function-specific.
Unlike the GVC, the checklist’'s scoring on the item level is more granular: Instead of an acceptance criterium (met
or not met), more options are available to evaluate the implementation quality of the function. For the weighting of
scores, the GVC assigns higher scores (more weight) to functions that are closer to the driving task. No points are
awarded if a single function of a subcategory fails the assessment. In contrast, the checklist weighs the scores not
per task but per design aspect. Here, a weighting factor is used, acting as a multiplier, that was derived from the
validation process. Overall, the checklist's assessment process takes longer and requires more expertise, we argue,
compared to the GVC. Sitill, for the design stage, our instrument provides valuable insights for manufacturers, now
that it is more in-depth and based on an empirical basis compared to the previous version by Horn et al. (2023). To
transfer the results of the HMI checklist’s validation to the GVC, we suggest partly expanding or revising the function
implementation requirements of the protocol while keeping its original structure. The fixed structure is well suited for
economical real-world lab testing compared to the checklist’s approach. The GVC aims to penalize and to eliminate
designs that are most detrimental to driver attention and driving performance.

As described previously, the GVC considers four acceptable implementation options that are specified by their
definitions and requirements: direct physical input, direct touch input, menu-based touch input, and direct voice input.
Each implementation is only outlined, and the requirements of this outline must be met. There is no further
differentiation between “acceptable” and “unacceptable” in cases where not all requirements are met. Our checklist
could enhance the GVC in two ways: First, it could lead to the inclusion of new requirements that are relevant for
the acceptable implementation of a function in an HMI modality/type. These requirements would be based on the
design aspects that we validated. Our idea would be to not include all design aspects, but rather those that had the
greatest negative impact on driver distraction when implemented in a suboptimal way. Second, the evaluation could
be made more nuanced by diverting from the acceptance-based approach, where the requirements are either met
or not met. This could be achieved in several ways. For example, by making more important requirements mandatory
while others could be optional. Another option could be to incorporate a weighting logic and numeric scoring of each
requirement. Then, this score could be compared against a sum threshold. If the goal is to keep the general GVC
structure, we would advise keeping the acceptance-based rating system and including more requirements as
discussed in the first approach. To this end, we describe options for enhancing the requirements of each
implementation (HMI type) in the next section.
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8.3 GVC Function Implementation: Enhancement Options

The enhancement of the GVC'’s criteria will be done by linking the validation results of the checklist’s design aspects
with existing GVC requirements or by suggesting new requirements. As a foundation, the results summary tables
(see section 7.4) will be used since the design aspects are already sorted according to their relevance regarding
driver distraction. The most important design aspects are listed first in every table. By doing so, missing GVC
requirements can be easily identified. Also, existing GVC requirements can be evaluated whether they are relevant
or not regarding driver distraction.

Table 67 contains the design aspects that were tested during the checklist’s validation for physical controls. The
GVC only considers physical controls as a direct input method, therefore multiple-step operation via physical controls
is not currently part of the GVC. Direct physical input can be linked the best with the checklist's validation results
since it is specified to a greater degree compared to touch input (direct or menu based) or direct voice input. As a
result, all suggestions are enhancements of the definition and the control identification — expected locations
requirement. Although no completely new requirements are suggested, it can be discussed whether physical inputs
should be considered regarding multiple-step operation. However, given the poor performance of physically
controlled tasks that require multiple steps, we suggest not doing so.

Table 67: Suggestions for Euro NCAP's General Vehicle Controls (GVC) Assessment: Physical Controls

HMI Checklist Suggestion for GVC Requirements

Design Aspect Design Recommendation Direct Physical Input

High relevance (net score > .10)

- ) — Enhance control identification —
Susceptibility to — Position close to the driver expected locations by proximity to driver

Operation Errors ) — Enhance definition, add tangibility,
— Make interface easy to grab mechanical integrity, sturdiness

— Control element should require low
Blind Operation motor effort (e.g., shallow travel
distance)

— Enhance definition, further define
mechanical movement aspect

Viewing Distance to — Place control elements close to —» Enhance expected locations by

the Right driver . proximity to driver
— |deally steering wheel controls
E . — Adhere to established control — Enhance control identification —
xpectat-lon element placement and operation expected locations to include operation
Conformity ) .
logic logic
— Place control elements close to the
. driver — Enhance control identification —
Reachability s Place elements close to the expected locations by proximity to driver
driver’s line of sight
Viewing Distance — Center stack placement is — No action needed, already included with
Downwards acceptable expected locations

Low relevance (net score < .10)

— No action needed, already included with
decision tree (use context of the

Correction of function)

Operation Errors — No action needed, direct physical input

— Quick repeated inputs are does not consider multiple-step
acceptable operation

— Use as little operation steps as
possible
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HMI Checklist Suggestion for GVC Requirements

Design Aspect Design Recommendation Direct Physical Input

— No action needed, direct physical input
does not consider multiple-step
operation

Risk of Operation — Reduce the likelihood of errors and
Errors additional operation steps

Glare — Make control elements matte

— Optional enhancement of definition,
aspects were not integral in the
validation

Comprehensibility

A

Labeling should be easy to read

— Labeling should be easy to

Legibility understand

The design aspects that were tested for the touch-based interface during the checklist’'s validation are shown in
Table 68. In contrast to the other implementations (HMI types), physical controls and voice input, the GVC considers
touch-input not only directly but also menu-based. Therefore, single-step and multiple-step operation are covered.
The suggestions are a mix of enhancements of the definitions and control identification — interaction area
requirements as well as suggestions for new requirements that are currently not included in the GVC. The operation
process could be further specified with an expected principles and interaction principles requirement. With a muiltiple-
step operation requirement, longer operation paths in touch-based menus could be covered. Finally, an interface
design requirement could push the touchscreen’s interface to require less visual demand. As the list of design
aspects covered is rather long, we suggest focusing on the suggested design requirements that are listed first in the
table below.

Table 68: Suggestions for Euro NCAP's General Vehicle Controls (GVC) Assessment: Touch-Based HMIs

HMI Checklist

Suggestion for GVC Requirements

Design Aspect

Design Recommendation

Direct Touch Input & Menu Based

High relevance (net sc

ore > .10)

Susceptibility to
Operation Errors

— Adhere to established operation
logic

New expected principles requirement
that demands logical operation paths
and function placement in menus

Align touch buttons
Make touch buttons of appropriate
size

1

Enhance control identification —
interaction area size (direct touch) to
include button alignment

New interface design requirement that
specifies button size and placement

Expectation
Conformity

— Use tapping as input instead of
sliding or more complex touch
gestures

New interaction requirement that
demands simple input gestures

Input Precision

— Reliably register touch inputs

New interaction requirement that
demands reliable detection of touch
input

Risk of Operation
Errors

— Reduce likelihood of operation
errors and additional operation
steps

— Keep button placements similar
across menus

New multiple-step operation
requirement that demands a reduction of
errors

New multiple-step operation
requirement that demands similar button
placements across menus

Correction of
Operation Errors

— Reverting operation errors via a
single or multiple quick taps is

acceptable

New multiple-step operation
requirement that demands quick error
correction and abortion
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HMI Checklist

Suggestion for GVC Requirements

Design Aspect

Design Recommendation

Direct Touch Input & Menu Based

Interaction Speed

— Interaction speed must be dictated
by the driver

New multiple-step operation
requirement that defines that operation
speed is managed by driver

In-process Abortion

— Complex function operation must
be abortable at any point

New multiple-step operation
requirement that demands quick error
correction and abortion

— Enable skipping operation steps by

New multiple-step operation

Shortcut requirement that demands skipping
including shortcut options options for longer operations
Enhance definition (both direct touch
Reachability —> Place the screen close to the driver and menu-based) to include

touchscreen placement

Driving-related
Information Always
Visible

— Driving-related information must
always be visible

Already included with requirement
driving-related information always visible

Viewing Distance
Downwards

— Place the touchscreen close to the
driver’s visual field (vertically)

Enhance definition (both direct touch
and menu-based) to include
touchscreen placement

Viewing Distance to
the Right

— Place the touchscreen close to the
driver’s visual field (horizontally)

Enhance definition (both direct touch
and menu-based) to include
touchscreen placement

View on the Road Not
Blocked

— Do not place the screen too much
thin the driver’s line of sight

Enhance definition (both direct touch
and menu-based) to include
touchscreen placement

— Make the screen matte and

Enhance definition (both direct touch

Reflection and menu-based) to include
antirefiective touchscreen’s antireflective properties
Enhance definition (both direct touch

Tilt —» Tilt the screen towards the driver and menu-based) to include

touchscreen placement

Low relevance (net score < .10)

Legibility

— Use a high contrast screen and
interface

New interface design requirement that
demands appropriate contrast

— Make elements of appropriate size

New interface design requirement
demanding appropriate sizing

Brightness and
Contrast

— Use high contrast screen with
automatic brightness regulation

Enhance definition to require
touchscreen to be of appropriate
brightness

Attentional Guidance

— Make the visual interface distinct
(e.g., buttons are clearly
identifiable)

New interface design requirement
specifying distinct button design

Minimalism

— Avoid visual clutter

New interface design requirement
demanding a tidy design

— Display only appropriate an
appropriate amount of content

New interface design requirement
demanding a tidy design
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Finally, Table 69 contains the design aspects that were tested for the speech-based interface during the checklist’s
validation. As with direct physical input, only single-step operation is considered by the GVC but not an operation
spanning across multiple steps. As direct voice input is only defined by a definition, the suggestions are largely
proposals for new requirements that define the basic properties of the speech-based interface. The GVC already
covers the button-based activation of the speech-based interface and the use of fallback options. However, based
on the HMI checklist’s validation, new requirements could be included that specify the voice processing and output
as well as dialogue management. The latter could be relevant if functions were part of the assessment where
dialogues with multiple turns between diver and interface take place. As with the touch-based suggestions, we
suggest focusing on the suggestions listed first. Also, some requirements are marked as optional since they were
not essential regarding driver distraction during validation.

Table 69: Suggestions for Euro NCAP's General Vehicle Controls (GVC) Assessment: Speech-Based HMIs

HMI Checklist

Suggestion for GVC Requirements

Design Aspect

Design Recommendation

Direct Voice Input

High relevance (net sc

ore >.10)

— ldeally, make the interaction
process reliable so that no fallback
is needed

Discuss whether functions should be
included that are primarily accessible via
voice input instead of physical controls

Fallback

— Use correct fallback modalities in
accordance to task complexity

Enhance alternative control requirement
by relying on correct HMI modality (for
simple task: physical controls)

Correction of

— Reduce likelihood of operation
errors and additional operation
steps

New voice processing requirement that
demands reliable command detection

Operation Errors

— Make the correction as easy as
possible, ideally without falling back
to other modalities

New dialogue management requirement
that demands interruptibility of dialogue-
based operation

Deactivation Option &
Alternative Operation
Option

— Use correct alternative modalities
in accordance to task complexity

Enhance alternative control requirement
by relying on correct HMI modality (for
simple task: physical controls)

— Both keyword and button activation
of speech-based interface are
acceptable

Already included via dedicated button

Hands-free .
— To reduce likelihood of errors, requirement
button activation method
recommended
Risk of Operation — Reduce “ke“h??d of operatl'on New voice processing requirement that
Errors errors and additional operation demands reliable command detection

steps

Quality of the Speech
Recognition

— Correctly identify the target function

Susceptibility to
Operation Errors

within the driver's command

New voice processing requirement that
demands reliable command detection

Shortcut

— Use shortcuts to shorten the driver-
interface dialogue

— Omit the use of a keyword for
activation of the speech-based

interface

New dialogue management requirement
that demands flexibility regarding the
directness of the addressed function
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HMI Checklist

Suggestion for GVC Requirements

Design Aspect

Design Recommendation

Direct Voice Input

Diverse Commands

— Make the interface able to
understand a wide range of
commands addressing the same
function

New dialogue input requirement that
demands flexible command detection

Low relevance (net score < .10)

Additional Feedback

— Keep the speech-based interface’s
dialogue short

New dialogue output requirement that
demands short voice output

Feedback Dimensions

— Both pure (auditory feedback only)
and mixed (auditory & visual
feedback) interfaces are
acceptable

Optional: New dialogue output
requirement that specifies the use of
mixed modality feedback

Intelligibility / Quality
of Voice Output

— Use a natural, easy-to-understand
voice for the interface

Optional: New dialogue output
requirement that demands natural voice
output

Volume

— Use appropriate loudness for every
circumstance

New dialogue output requirement that
demands suitable loudness level

Robustness of
Activation

— Activation of the speech-based
interface must be reliable

— Use of buttons instead of keyword
recommended

Already included via dedicated button
requirement

In-process Abortion

— The speech-based operation of a
function must be cancelable at any
point

New dialogue management requirement
that demands interruptibility of dialogue-
based operation

Interaction Speed

— Interaction speed must be dictated
by the driver

New dialogue management requirement
that demands that the interaction is
paced by the driver
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9 Conclusion

The main motivation of this project was the further development of the HMI checklist to include the implementation
quality of in-vehicle functions regarding driver distraction and safe function operation. Modern vehicles are equipped
with a wide range of functions, to which any HMI type (physical controls, touch-based, speech-based) could be used
to provide access to. In recent times, manufacturers increasingly relied on touch-based interfaces to control many
of the vehicle’s functions. As touchscreens have a visually rich interface and require precise motor actions for input,
they lead to high levels of visual-manual distraction compared to physical controls. Beyond visual-manual interfaces,
some vehicles are equipped with speech-based interfaces in the hope of reducing driver distraction to a minimum.
The influx of functions and interfaces as well as the increased reliance on the touchscreen has resulted in a
landscape where function operation might not be in an optimal state. The development of the HMI checklist is an
effort to push function operation towards a safe, low-distraction state.

The vehicle function overview (see chapter 3) has revealed that vehicles are equipped with at least 150 functions
accessible to the driver. Usually, the more driving-related a function is, the more likely it is operated in a single step
via physical controls. However, most of the functions available are not needed for the essential driving task, often
require more than one step, and are accessible via touch- or speech-based interfaces. Although the assignment of
a function to an interface type, i.e., physical controls, touch-, and speech-based interfaces, often seems suitable,
the specific design of each interface type differs quite a bit between manufacturers. So, beyond mismatched function-
interface type combinations, the research gap lies in specific interface design guidelines for each respective interface
type that ensure safe function operation.

9.1 HMI Checklist: Towards Implementation Quality

A first step in narrowing down low-distraction interface design is the predecessor of the HMI checklist that was
developed by Horn et al. (2023). Based on this, the Euro NCAP General Vehicle Controls (Euro NCAP, 2025) was
developed that is aimed at putting essential driving-related functions on dedicated, physical controls. However, both
instruments lack details regarding specific implementation principles. Horn et al.’s (2023) instrument was largely
derived from the NHTSA visual-manual distraction guideline. As a result, only visual-manual interfaces are
considered, and speech-based interfaces are missing. Also, the items do not suitably differentiate between both
interface types and provide sufficient information on interface design dimensions. Although Euro NCAP’s General
Vehicle Controls also includes speech-based operation, the instrument does not include criteria for the
implementation quality for each interface type. Another concern with both instruments is that they were not
empirically validated yet. The current version of the HMI checklist was developed to overcome both concerns. First,
by collecting more aspects on good interface design for every HMI type. Second, by using an empirical validation to
ensure the aspects do indeed affect driver distraction and to identify the most relevant principles.

To this end, we started by carrying over the base structure of Horn et al.’s (2023) instrument. As a result, our checklist
also employs two modules. The first module is concerned with HMI features that are shared between functions (e.g.,
the hardware of the touchscreen). The second module focuses on function-specific design aspects. This was done
to ensure the assessment process stays efficient. Next, all three HMI modalities, physical controls, touch-based,
and speech-based, are included in both modules and the decision tree. The latter was also revised to rank the
modalities and acceptable operation steps regarding the use context of a function. The core of our checklist are the
design aspects that are checked in both modules. These were derived by summing up design guidelines, standards,
and research studies. These resources differ in their level of detail and are largely not function specific. This is a
maijor strength of our instrument that tries to sum up the information and intends to link it to task complexity.

For each design aspect, an item was derived that provides a description of the principle, suggests a test procedure,
and allows for a precise rating on a five-point rating scale. Furthermore, the items are weighted according to their
distraction potential derived from the validation process. In summary, the checklist pushes the function
implementation idea beyond simply matching the function task to a suitable interface type and then checking whether
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select, unspecific design aspects are met or not. Now, the actual implementation quality is extensively checked
across a range of validated design aspects via a quantitative rating scheme.

9.2 Empirical Validation: Ranking of the Design Aspects

With the empirical validation, the relative effects of the design aspects on driver distraction and operation
performance were determined. As a byproduct, this also allowed for an analysis of how task complexity and HMI
type interact with each other. The latter follows the results of studies where tasks of varying complexity were operated
via different interface types (see section 4.4). Accordingly, speech-based interaction resulted in the least distraction.
For simple tasks, physical controls performed essentially just as well as the speech-based interface and better than
touch-based operation. For the complex task, speech-based operation was clearly the best, followed by touch-based
operation and then physical controls. As the results follow established results, this indicates that the basic validation
procedure sufficiently depicts in-vehicle function operation while driving. The validation itself used the Lane Change
Task (LCT; International Organization for Standardization, 2010) for the driving simulation and generic interfaces
based on self-programmed iOS applications. The LCT is very sensitive for capturing driver distraction in a continuous
matter and has been implemented as an ISO standard. Furthermore, the generic interfaces allowed us to precisely
control the interface’s behavior and the implementation of the design principles. Taken together, the validation
approach itself was well suited for measuring the effects of the function operation design aspects across the three
HMI modalities.

The evaluation of the individual design aspects per HMI type is the second major strength of the HMI checklist
beyond summing up the low-distraction interface design literature. The design aspects were tested for each of the
three HMI modalities, namely physical controls, the touch-based, and speech-based interface. According to
Wicken’s Multiple Resource Theory (2002) the first two are visual-manual interfaces, the speech-based interface
relies on the auditory channel. The design aspect’s validation clearly demonstrated how the principles affect the
resource usage per HMI type. For physical controls, the manual resource has had a greater impact compared to the
visual aspect, although only the complex task really relied on it during validation. The most relevant design aspects
refer to the manual effort required, either by the mechanical integrity of the control element (e.g., travel distance,
stable mounting) or by the proximity to the driver, i.e., placement in the cockpit. Physical properties (e.g., glare,
labeling) had nearly no impact.

This shifts when looking at the touch-based interface’s validation results: Besides the manual effort, visual effort
clearly affects driver distraction during function operation. When buttons are small or touch inputs are not registered,
the visual interface needs to be looked at, and the target of the next tap must be visually identified. Therefore,
interface design and operation paths are the most important design characteristics.

Finally, the speech-based interface is the newest interface type compared to both visual-manual interface types. As
a result, there is nearly no comprehensive literature on spoken human-machine interaction, especially when driving.
Our validation contributes to filling this gap: As speech-based interaction is often used as an “add-on” on top of the
other interfaces, mixed modality interactions are expected. Our results clearly demonstrate that this can lead to high
levels of driver distraction. This raises questions concerning the fundamental implementation of speech-based
accessible functions: Following the results, function access should ideally remain pure, i.e., only via the speech-
based interface. Looking at the use context of the functions (see decision tree in section 5.2.3) affected, this largely
applies to multiple-step functions. Accordingly, access to complex functions should only be provided via the speech-
based interface and not the touchscreen. However, this might lead to problems when the speech-based interface is
not available and might conflict with driver's expected operation principles of functions (e.g., via the touch screen).
Beyond the mixed modality discussion, speech-based interfaces must reliably detect commands, otherwise this
leads to errors, resulting in high levels of driver distraction. This is in line with results on unexpected speech-based
HMI behavior (Reichel et al., 2014). Interestingly, the quality of the auditory feedback was not as important.
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The validation of the design principles for all three HMI modalities across the same tasks and comparable generic
interfaces is a first in function implementation research. The results contribute towards specifying the concept of
implementation quality.

9.3 Future Directions

The HMI checklist aims to push function operation towards low-distraction solutions, thereby increasing road safety.
Our approach is the first to extensively examine interface design aspects and compare them in a validation approach.
We hope that our research helps manufacturers, policy makers, safety organizations, and research to make future
vehicles safer for every road user, and not just the driver. This can only be achieved through joint effort, and when
the idea of function implementation quality is further researched, discussed, and carried over into practice.

To this end, we would like to point out some key points to overcome and to consolidate the concept of function
implementation quality. Our research tested over fifty design aspects with a sample of 130 people, therefore, the
sample size per aspect is rather small. Larger sample sizes per aspect (or comparing more aspects per participant)
would be helpful in identifying the effects of each design aspect more precisely.

For the design aspects, the different levels on the five-point rating scale could be explored further by testing each
level individually. The current validation approach only compares the optimal (best level) and suboptimal (worst
level) implementation. Future research could vary implementation quality more gradually by implementing the
different steps of the HMI checklist’s rating scale. A more general point to consider is that most design aspects were
present in the interface concurrently and acted together — both in the reference version (where every aspect was
optimally implemented) but also in the design aspect’'s test interface (the single aspect was implemented
suboptimally, the rest stayed at the optimal level). Therefore, technically speaking, a constellation of the aspects
was tested that had a combined effect on driving and operation performance (Gestalt psychology: the whole is
different from the sum of its parts). As a result, testing the same interface design aspects in a different configuration,
i.e., in a different generic interface, may lead to different results. Also, with the gestalt idea in mind, it is hard to say
whether and how the effect of a suboptimal implementation of a single design aspect is mediated or moderated by
the remaining design aspects. Such interactions should also be considered when implementing functions in
production vehicles.

For the validation approach itself, future research could incorporate a medium complex task and not just a simple
and complex task. To increase external validity, other distraction measurement tasks could be used (e.g., box task;
Trommler et al., 2021) or the transfer into a more complex driving environment could be done. The latter would be
useful in understanding how drivers time their operation of functions, e.g., by stopping operation during critical
moments. Also, driver errors could be explored this way and connected to the design aspects. The current approach
is somewhat unrealistic since drivers were constantly performing lane changes and repeatedly operating the
function. In reality, they would use timing strategies to mitigate the effects of driver distraction. Also, driving in real
life is more than simply staying on an ideal trajectory. Still, the LCT approach is good in capturing the distraction
effects of the design aspects, especially with regard to visual-manual interfaces that are the more pressing issue
compared to speech-based interfaces. Also, the focused approach of the LCT allowed us to the test the large number
of design aspects in the first place.

There are two more elaborate challenges to overcome that go beyond the current validation. First, when
implementing a given function in an interface, the operationalization of the interface and design aspects is always
rather specific. It would be interesting to explore how each design principle could be applied across different interface
variants and to compare these operationalizations against each other. This way, the concept, i.e., definitions,
dimensions, of the interface design aspect could be specified. Second, participants had learned the function
operation well, which is unsurprising given the repeated use of the interfaces over the course of the experiment. As
discussed for some design aspects, especially those that had seemingly no real effect on driver distraction, effects
would likely become visible when the driver is not familiar with the function. Perhaps, the function operation process
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should be further explored (e.g., interactions, strategies) and researched regarding this “first experience” with a
function. The initial contact and operation of the function could point towards pain points and problems in the
operation process. When done in the driving simulator, this could capture the distraction dynamics of discovering an
unfamiliar function. Also, when the function is then used repeatedly (or in intervals), the learning process could be
depicted. Another area of function operation behavior that should be explored are compensation effects, i.e., function
operation is stopped and driving is prioritized. It would be interesting to investigate when drivers start prioritizing
driving and what limits such a behavior has, especially regarding accidents.
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Assessment Scope

1) Define the function(s) to be assed:

This assessment tool only evaluates functions provided by the vehicle manufacturer. It does not cover third-party
integrations such as Apple CarPlay or Google Android Auto. Additionally, functions directly affecting vehicle
dynamics (acceleration, braking, steering, and gear shifting) are outside the scope of this assessment.

Please tick the function group(s) relevant to your assessment. If your target functions don't fit into the existing
categories, you may add a custom function group.

Function Group Functions
O Light and visibility E)i(:reorircs)r Lights, windshield wipers, defogging windows, dimming
O | Extended longitudinal control Gear shifter/gear selector
O | (Warning) signals Horn, headlight flashing, indicators
O | Assistance ACC, LDW
O | Windows and interior light Windows, interior lighting, ambience
O | Trip data and service Trip distance, duration, fuel consumption
O | Media Control Volume, track, playback control
O | Climate Control Heated seats, adjust temperature, airflow
O | Social Calls, messages
O | Setup Align headlights, reset tire pressure control
O | Custom:

2) Determine the HMI Types(s) that are currently employed for operating the function(s):

A function can be controlled via different types of human-machine interfaces (HMIs). They can be distinguished as
follows:

Physical Controls: Physical controls are primarily physical-haptic in nature. Often, an element controls only a single
function. They are usually mechanical (levers, switches, buttons, rotary switches) and are operated by manual
interaction. Physical controls provide tactile feedback that is generated by the movement of the control element.
Touch buttons that are not part of the central touchscreen are also included in this group since they too represent a
physical interface that only controls a single function, although the tactile feedback might be missing. The actions
for interacting with physical controls include pressing, turning or pulling.

Touch-Based HMI: Touch-based interfaces are usually implemented via a central touch display located in the
middle of the vehicle cockpit. They are flexible in the structure of their visual interface and can therefore be used to
control a wide range of functions. Interaction takes place by touching the screen, tapping, or swiping on it. Feedback
is primarily provided visually in the display, but acoustic or tactile feedback via actuators is also possible.

Speech-Based HMI: Speech-based interfaces allow functions to be controlled via verbal commands and usually
provide auditory feedback. The range of functions controllable by voice varies depending on the manufacturer. The
voice-based interface can be activated via a push-to-talk button or via the use of a keyword (“Hey XY!"). Voice
recognition is handled by algorithms that can understand the intention of the driver's commands. Feedback is mostly
provided via the use of chimes and/or speech.
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Please list all the functions that you would like to assess in the table below. If possible, also assign a function group.
Finally, indicate which HMI type(s) is/are currently employed for the operation of the function(s).

Function Group: HMI Type

sjoa3uo) [eaisAyd
INH paseg-yonoj
IWH paseg-yoseadg

Functions:

1.

2
3
4.
5

6.

Oooo|o|o\ oo
Oooo|o|o\ oo
Oooo|o|o\ oo

Implementations to be checked in module | and Il b:

Now begin the assessment by starting with module |. Please evaluate all the items of the HMI type(s) that are used
by the function(s) which you would like to evaluate.



136

Module | — Shared HMI Features

For each HMI type(s) used by the function(s) (physical controls, touch-based HMI, and/or speech-based HMI),
please check whether and how the criteria listed below apply. If a rating of “unacceptable” is given for any item,
please do not continue with the assessment. Here, the HMI type should be revised to ensure an acceptable operation
level. You may, however, proceed with the check of a/the remaining HMI type(s).

The first module must be only completed once — a repetition for every function that shall be assessed is not
necessary. The criteria in module | apply to the interface in general and thus are shared by all functions that are
implemented in it.
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Module I — Physical Controls

The following criteria must be checked for the HMI type. With each item, the deviation from an ideal design is
determined. The sum (score on the rating scale multiplied with the weighting factor) of all items results in an HMI
operation score. The items most relevant regarding driver distraction are listed first.

M1-PC-1 — Viewing Distance to the Right

The control element is not too far away from the driver's line of sight (horizontally - "to the right").

0°-15° 15° - 30° 30° - 45° 45° - 60° > 60°
0 1 2 3 unacceptable
O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x 3) +(0.05 % 3.8) =1.49
The control element should be as close as possible to the driver's line of sight when looking straight
Explanation | ahead (0°) at the road. This is regarding the view "to the right", which should be as close as
possible to the driver’s line of sight.
Look straight ahead at the road. Then look to the right at the control element. Can you see the
Testing control element with just your eye movement (up to 30°), or do you need to move your head (more
than 30°) as well?
Visual-Manual Guideline Criteria Summary — Installation
References

Naujoks et al. (2019)

M1-PC-2 — Blind Operation

The control element has haptic features that allow for blind operation.

Haptics when

Haptics when

reaching the control
element, haptic

reaching the control
element, haptic

Haptics when
reaching the device,

Haptics when
reaching the control

No haptic properties
that allow blind

feedback during feedback during haptic feedback .
. . . . . . element. operation.
operation, setting operation, setting during operation.
can be felt. can be felt.
0 1 2 3 unacceptable
O O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x 2) +(0.05 x 2.2) =1.31
Exblanation It should be possible to operate the control element blindly in all steps of the operation process:
P when reaching it, when choosing a setting, and the setting should also be able to be felt.
Testing Carry out a complete operation (reaching, setting, feeling the setting).
Visual-Manual Guideline Criteria Summary — Interaction
References

Ma et al. (2022)
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M1-PC-3 — Glare

The control element does not cause glare when exposed to sunlight during the daytime or when light from
streetlamps falls on it at night. The surface and position of the element prevents that light can reach it.

No glare, matte
surface, concealed

Some glare, matte
surface, concealed

Some glare, glossy
surface, concealed

Glare, reflective
surface, concealed

Lots of glare, very
reflective surface,

position. position. position. position. exposed position.
0 1 2 3 unacceptable
O O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x 2) +(0.05 x 1.5) =1.27
. The control element should be designed and positioned in such a way that light is not reflected
Explanation .
towards the driver.
First check the surface and positioning of the instrument. Consider whether the instrument could
Testin cause reflections that would lead to distraction. If so, ask another person to shine a light source
9 from outside the vehicle onto the control element at different angles. Look straight ahead at the
road and check whether and how much you notice the reflections.
References | Visual-Manual Guideline Criteria Summary — Installation

M1-PC-4 — Reachability

The control element has been installed in a position where it can be easily reached by the driver.

Both hands on the
steering wheel.

One hand on the
steering wheel, arm
not extended.

One hand on the
steering wheel, arm
slightly extended.

One hand on the
steering wheel, arm
widely extended.

Both hands
necessary.

0 1 2 3 unacceptable
O O O O

Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x1) + (0.05 x 4.5) =1.33
Explanation | The control element should be close to the driver so that minimal motor effort is needed.

Put both hands on the steering wheel. Now operate the control element and pay attention to your
Testing hands and whether one hand needs to be removed from the steering wheel. If so, pay attention to

how much you need to reach for the control element.

Visual-Manual Guideline Criteria Summary — Installation, Interaction
References

ISO 3958:1996 & ISO 15005:2017
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M1-PC-5 — Viewing Distance Downwards

The control element is not too far away from the driver's line of sight (vertical - "downwards").

0°-10° 10° - 20° 20° - 30° 30° - 45° > 45°
0 1 2 3 unacceptable
O O O O
Affects Operation Quality |
Weighting 1.0 + (0.1 % 0) +(0.05 x 3) =1.15
The control element should be as close as possible to the driver's line of sight when looking straight
Explanation | ahead (0°) at the road. This is regarding the view "downwards", which should be as close as
possible to the driver’s line of sight.
Look straight ahead at the road. Then look down at the control element. Can you see the control
Testing element with just your eye movement (up to 30°), or do you need to move your head as well (from
approx. 30°)?
Visual-Manual Guideline Criteria Summary — Installation
References

Naujoks et al. (2019)

M1-PC-6 — Legibility

The labeling of the control element is high-contrast, large, and distinct, so it only takes a short time to look at it.

Labeling - one

Labeling: high-
contrast, distinct,
appropriate size.

criterion violated:
high-contrast, clear,
appropriate size.

Labeling - two
criteria violated:
high-contrast, clear,
appropriate size.

Labeling - three
criteria violated:
high-contrast, clear,
appropriate size.

No labeling.

0 1 2 3 unacceptable
O O O O

Affects
Weighting 1.0 + (0.1 x0) +(0.05 x 0) =1

The labeling of the control element should be easily visible. This is only about legibility, not about
Explanation | the meaning of the labeling (that is checked in module I b). The labeling should also be distinctive

(unambiguous) so that attention is not drawn to irrelevant functions with similar symbols.
Testin Look at the control element and evaluate if the contrast, distinctiveness (symbols/texts do not

9 overlap with neighboring control elements), and size are appropriate.

Visual-Manual Guideline Criteria Summary — Information Presentation
References

ISO 15005:2017
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Module | - Touch-Based HMI

The following criteria must be checked for the HMI type. With each item, the deviation from an ideal design is
determined. The sum (score on the rating scale multiplied with the weighting factor) of all items results in an HMI
operation score. The items most relevant regarding driver distraction are listed first.

M1-TB-1 — Input Precision

The display registers touch inputs with high precision.

E d th
Every touch inputis | Almost every touch very noyv arlw en Often something is Touch inputs
. . . . something is not . .
registered. input is registered. . not registered. unreliable
registered.
0 1 2 3 unacceptable
O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x 6) +(0.05 x 4.5) =1.83
Explanation | The touchscreen should reliably register all finger inputs (taps or swipes).
Use the touchscreen and make sure that all inputs (taps and swipes) are reliably registered. We
Testin recommend wearing gloves or using people with "dry" hands for the test. If possible, operation
9 should also be tested at different temperatures to determine the functionality of the touchscreen
in very cold and warm environments.
Visual-Manual Guideline Criteria Summary — Interaction
References
ISO 15005:2017

M1-TB-2 — Reachability

The touchscreen has been installed in a position where it can be easily reached by the driver.

One hand on the
steering wheel, arm

One hand on the
steering wheel, arm

One hand on the
steering wheel, arm

One hand on the
steering wheel, arm

Both hand
not extended, slightly extended, widely extended, widely extended, ° ands
. e : " ; . ; . necessary.
seating position is seating position seating position leaving seating
maintained. maintained. maintained. position.
0 1 2 3 unacceptable
O O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x 4) +(0.05 x 3) =1.55
. The touchscreen should be close to the driver so that the hand and arm movements needed for
Explanation ) o
the operation are minimized.
First take both hands on the steering wheel. Now operate the touchscreen and pay attention to
Testin how far you need to reach with your right hand and whether you need to move your upper body
9 in the direction of the screen as well. Try to operate the controls on the right-hand edge of the
screen.
Visual-Manual Guideline Criteria Summary — Installation & Interaction
References | ISO 15008:2017 & ISO 3958:1996
Ma & Gong (2024)
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M1-TB-3 — Driving-related Information Always Visible

Driving-related information is always visible. When presented in a separate display, the information is not
physically covered by the touchscreen. When displayed in the touchscreen interface, the information is not
covered by other elements.

. . . Information
Information always Information always Information always .
- - . . sometimes covered,
visible, driving- visible, touchscreen | visible, touchscreen .
. . . touchscreen Information always
related displays contains contains .
. . ) . . . contains covered.
separated from information, fixed information, variable | . . )
. . information, fixed or
touchscreen. position. position. . he
variable position.
0 1 2 3 unacceptable
O O | O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 %x1) + (0.05 x 0.8) =1.14

Information relevant to driving (e.g., speed) should always be available to the driver. Ideally, the
information should be shown in separate displays and not just on the touchscreen. If driving-

Explanati . . . . .
xplanation relevant information is only displayed on the touchscreen, it should always be visible and not be
occluded by other interface elements.
Check where driving-relevant information is displayed. If the information is only displayed on the
Testing touchscreen, systematically test some touchscreen functions and test whether the driving-
relevant information can be shifted or obscured by the other function.
References Visual-Manual Guideline Criteria Summary - Installation

M1-TB-4 — Reflection

The surface of the touchscreen is anti-reflective (anti-glare coating or matte) so that there are no reflections.

Matte, strong light
absorption, not
disturbing when

Matte, weak light
absorption, slightly
disturbing when

Glossy, anti-
reflective coating,
slightly disturbing

Glossy, anti-
reflective, very
distracting when

No anti-reflective
surface treatment.

switched off. switched off. when switched off. switched off.
0 1 2 3 unacceptable
O O | O |
Weighting Driving Performance | Operation Quality |
Affects 1.0 + (0.1 x1) +(0.05 x 2.2) =1.21
. The surface of the touchscreen should be designed in such a way that reflections are minimized,
Explanation . ) . . .
especially in bright driving environments.
If possible, switch the touchscreen off. Look for reflections or shine a light source onto the
Testing display. Assess the light absorption for a matte display and the anti-reflective coating for a glossy
display.
Visual-Manual Guideline Criteria Summary - Installation
References

ISO 15008:2017
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M1-TB-5 — Viewing Distance Downwards

The touchscreen is not too far away from the driver's line of sight (vertical - "downwards").

0°-10° 10° - 20° 20° - 30° 30° - 45° > 45°
0 1 2 3 unacceptable
O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x1) +(0.05 x 2.2) =1.21
The touchscreen should be as close as possible to the driver's line of sight when the looking
Explanation straight ahead (0°) at the road. This is regarding the view "downwards", which should be as close
as possible to the driver’s line of sight.
Look straight ahead at the road. Then look down at the touchscreen. Try to look at the bottom
Testing edge of the display. Can you see it with just your eye movement (up to 30°), or do you also have
to move your head (from approx. 30°)?
Visual-Manual Guideline Criteria Summary — Installation
References ISO 15008:2017
Ma & Gong (2024)
M1-TB-6 — Tilt
The touchscreen is tilted towards the driver.
Strong horizontal Slight horizontal Strong tilt only Weak tilt only
and vertical tilt and vertical tilt vertical or vertical or No tilt.
towards the driver. towards the driver. horizontal. horizontal.
0 1 2 3 4
O O O O
Affects Operation Quality |
Weighting 1.0 + (0.1 x0) +(0.05 x 1.5) =1.07
. The touchscreen should be tilted towards the driver to increase visibility and reduce vertical and
Explanation . . .
horizontal operating distances.
Testing Look at the touchscreen and assess whether it is tilted and if so, how much and in which direction.
Visual-Manual Guideline Criteria Summary) — Installation & Information Presentation
References | ISO 15008:2017
Ma & Gong (2024)
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M1-TB-7 — Brightness and Contrast

The brightness and contrast of the display allow for optimal readability in both the brightest (sun shining directly
on the display) and the darkest (night) lighting conditions. The brightness can be adjusted and is also regulated

automatically.

Contrast or Contrast and Contrast and Contrast and
Contrast and . . . .
. brightness brightness brightness brightness
brightness . . . -
. (maximum and (maximum and (maximum and (maximum and
(maximum and . . . -
. . minimum) minimum) minimum) minimum)
minimum) optimal, . . . . -
adiustable and suboptimal, suboptimal, suboptimal, insufficient, not
) . adjustable and adjustable and adjustable, no adjustable, no
automatic . . . .
. automatic automatic automatic automatic
regulation. . . . .
regulation. regulation. regulation. regulation.
0 1 2 3 unacceptable
O O O O
Affects Operation Quality |
Weighting 1.0 + (0.1 x 0) + (0.05 x 1.5) =1.07

The touch display is easy to read and easy on the eyes (not blinding) in both very bright and very

Explanation dark environments without disturbing the driver.
Try adjusting the brightness of the display. Test the maximum brightness in a bright environment
Testing and the minimum brightness in a dark environment. Change the environment while driving and
ensure that the brightness is automatically adjusted.
Visual-Manual Guideline Criteria Summary — Information Presentation
References | ISO 15008:2017

Naujoks et al. (2019)
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M1-TB-8 — Attentional Guidance

The interface is designed in such a way that it conveys interaction principles and guides attention towards relevant
elements without being distracting.

Interaction Interaction o -
o . . Principles of Principles of
principles are principles are only Interaction . . . .
. . . interaction are not interaction
optimally partially principles are not ) .
. . . communicated, confusing, strongly
communicated, communicated, communicated, no . . . .
. distracting distracting
adequate adequate attentional ) .
. . . attentional attentional
attentional attentional guidance. . .
. . guidance. guidance.
guidance. guidance.
0 1 2 3 unacceptable
O O O O O
Affects Operation Quality |
Weighting 1.0 + (0.1 x0) +(0.05 x 1.5) =1.07
. The surface of the touchscreen is designed in a way that supports the interaction and prevents
Explanation .
operation errors.
Operate different functions by switching them on, off and, if possible, adjusting them. Pay attention
to the design of the touch interface. Are interaction principles conveyed, e.g., by indicating that
Testin buttons are pressable surfaces or showing that sliders can be moved in certain way? Also, is
9 attention also guided towards the relevant control elements, either through their arrangement,
color scheme or contrast? Finally, make sure that attention is not drawn to areas that are irrelevant
for the function operation.
Visual-Manual Guideline Criteria Summary — Information Presentation
References

ISO 15005:2017

M1-TB-9 — Minimalism

The touchscreen interface has a minimalist design and information is presented compactly. This minimizes visual
search times and the associated distraction.

All content is short | Almost all content is Content is Contents rather
. . . Contents too long.
and concise. short and concise. | sometimes too long. long.
0 1 2 3 unacceptable
O O O O O
Affects Operation Quality |
Weighting 1.0 + (0.1 x 0) +(0.05 x 0.8) =1.04
. The touchscreen’s interface and its contents are not overloaded. The structure of the system can
Explanation . .
be quickly and easily understood.
Testin Look at the interface of various functions and evaluate the information presented in terms of brevity
9 and conciseness.
Visual-Manual Guideline Criteria Summary — Information Presentation
References | ISO 15005:2017

Naujoks et al. (2019)
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M1-TB-10 — Viewing Distance to the Right

The touchscreen is not too far away from the driver's line of sight (horizontal - "to the right").

0°-15° 15°-30° 30° - 45° 45° - 60° > 60°
0 1 2 3 unacceptable
O O O O
Affects Operation Quality |
Weighting 1.0 + (0.1 x 0) +(0.05 % 0.8) =1.04
The touchscreen should be as close as possible to the driver's line of sight when looking straight
Explanation ahead (0°) at the road. This is regarding the view "to the right", which should be as close as
possible to the driver’s line of sight.
Look straight ahead at the road. Then look to the right at the touchscreen. Try to look at the right
Testing edge of the display. Can you see it with just your eye movement (up to 30°), or do you also have
to move your head (from approx. 30°)?
Visual-Manual Guideline Criteria Summary — Installation
References ISO 15008:2017

Ma & Gong (2024)

M1-TB-11 — View on the Road Not Blocked

The touchscreen has been installed in such a way that it does not block the view on the road.

Clear field of view.

Peripheral field of
view blocked when
looking to the right.

Central field of view
blocked when
looking to the right.

Peripheral field of
view blocked when
looking straight

Central field of view
blocked when
looking straight

ahead. ahead.
0 1 2 3 unacceptable
| | O |

Affects Driving Performance |
Weighting 1.0 + (0.1 x1) +(0.05 x 0) =11
Explanation The touchscreen should not cover any areas of the driving environment.

First look straight ahead onto the road. Then keep looking to the right until you reach the right-
Testing hand A-pillar. Pay attention to whether, when and which area of your field of view is covered by

the touchscreen.
References Visual-Manual Guideline Criteria Summary — Installation
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M1-TB-12 — Deactivation

The touchscreen can be switched off unless it contains driving-related information.

Switching off not

possible OR
Touchscreen can Tout?hscreen can Plsplay of a static P|splay of a standby | Switching off
. be dimmed interface (e.g., interface (e.g., possible despite
be switched off. .
considerably. home screen). clock). displaying driving-
relevant
information.
0 1 2 3 unacceptable
O O O O O
Affects
Weighting 1.0 + (0.1 x0) +(0.05 x 0) =1
. The central display should be able to be switched off or at least be able to be set to a state that
Explanation . .
reduces distraction.
Testin Check whether you can switch off the display. If this is not the case, test whether the display can
9 be dimmed considerably or switched to a static state.
Visual-Manual Guideline Criteria Summary - System Response
References
ISO 15005:2017

M1-TB-13 — Blocking of Distracting Functions

The system blocks functions that are highly distracting.

The following
content is hidden

while driving: Text No blocking of No blocking of the No blocking of No blocking of
input, video, . . highly distracting
. images & text. keyboard. dynamic content.
scrolling text, content.
images, irrelevant
text.
0 1 2 3 unacceptable
O O O O
Affects
Weighting 1.0 + (0.1 x0) +(0.05 x 0) =1
Explanation | The touch display blocks content that introduces high levels of distraction.
Systematically search through the entertainment functions and check whether they are blocked
while driving. Videos containing color and brightness changes are particularly distracting. This is
Testing followed by dynamic content such as scrolling text. With keyboards, the distraction is not due to
their display per se, but rather, that drivers could try to interact with them while driving. Finally,
static images and text that are not related to the driving task should be hidden.
Visual-Manual Guideline Criteria Summary — System Response
References
ISO 15005:2017
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The following criteria must be checked for the HMI type. With each item, the deviation from an ideal design is
determined. The sum (score on the rating scale multiplied with the weighting factor) of all items results in an HMI
operation score. The items most relevant regarding driver distraction are listed first.

M1-SB-1 — Deactivation Option & Alternative Operation Option

The key phrase activation can be turned off. The entire speech-based HMI can also be deactivated. All voice

assistant functions are also available via the touch-based HMI and physical controls.

Key phrase can be
deactivated,
assistant can be
deactivated, correct
fallback of functions
(physical controls &
touch correct).

Key phrase can be
deactivated,
assistant can be
deactivated, correct
fallback of functions
(physical controls &
touch correct).

Key phrase can be
deactivated,
assistant cannot be
deactivated,
incorrect fallback of
functions

(physical controls &
touch correct).

Key phrase cannot
be deactivated,
assistant cannot be
deactivated,
incorrect fallback of
functions

(physical controls &
touch correct).

Key phrase cannot
be deactivated,
assistant cannot be
deactivated, no
fallback of
functions.

0 1 2 3 unacceptable
a O O a
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x 5) + (0.05 x 1.5) =1.57
The speech-based HMI offers the option to turn off the activation by key phrase. In addition, the
. entire assistant can be deactivated to eliminate any risk of cognitive distraction. All functions are
Explanation . . . . .
therefore also available via other, appropriate interfaces (physical controls or touch-based, see
decision tree in module Il b).
Look through the speech-based HMI's menu (e.g., in the touch display) for options to deactivate
Testin the activation via key phrase. Also check whether the speech-based HMI can be deactivated
9 completely. Finally, test whether functions can also be accessed via physical controls and the
touchscreen.
Hua & Ng (2010)
References
Suhm (2003)
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M1-SB-2 — Quality of the Speech Recognition

The speech recognition is of high-quality and works well with dialects and background noise.

. . Almost every voice Sometimes voice . . Voice input
Every voice inputis | . . . . . Voice input is often
. input is recognized input is not . completely
recognized, even . . . not recognized due . :
. . even with a dialect recognized due to ) unreliable with
with a dialect or . to dialects or .
. or background dialects or . dialects or
background noise. . . background noise. .
noise. background noise. background noise.
0 1 2 3 unacceptable
O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x 3) +(0.05 x 4.5) =1.53
. The speech recognition is able to identify commands of varying speech qualities. It can understand
Explanation o .
words despite dialects or background noise.
Start a dialog with the system and try to operate various functions. To test the robustness of the
speech recognition, the operation should be carried out by at least two different people in order to
Testin identify any major problems with the speech recognition. It would be ideal to use a person who
9 can speak in a dialect. Also check to which extent background noise (e.g., hissing, clicking,
rustling, etc.) interferes with speech recognition. You could try making noises with objects or
playing them back on an external device.
References | Speech-Based Standard Criteria Summary — Interaction

M1-SB-3 — Hands-free

Hands-free operation of the speech-based HMI is possible.

Initial activation via
a key phrase.

Activation via key
phrase before each

Initial activation via
push-to-talk button
on the steering

Push-to-talk button
before each input
on the steering

Push-to-talk button
not on steering

entry. wheel. wheel. wheel.
0 1 2 3 unacceptable
| | O |

Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 % 4) + (0.05 x 0.8) =1.44
Explanation | The speech-based HMI can be operated without using your hands.

Try to initiate a dialog using a key phrase ("Hey, XY"). If this is not possible and if the system uses
Testing push-to-talk, observe if you only must press the button once at the start of the whole conversation

or before each voice input.
References | Speech-Based Standard Criteria Summary — Interaction
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M1-SB-4 — Robustness of Activation

The speech-based HMI is not too easy to activate accidentally.

Accidental
activation unlikely.

Push-to-talk button
not easily
accessible. No
reaction to similar

Accidental

activation rather

unlikely.

Push-to-talk button

not easily
accessible.

Reaction to similar

Accidental
activation likely.

phrases to key

Push-to-talk button
easily accessible.
Reaction to similar

Accidental
activation very
likely.

Push-to-talk button

easily accessible.

Reaction to similar
phrases to key

Permanent
accidental
activation.

Push-to-talk button
easily accessible.
Reaction to any
noise. Reaction to

phrases to key phrases to key phrase. Reaction to | phrase. Reaction to passengers.
phrase. No phrase. No passengers. passengers.
response to response to
passengers. passengers.
0 1 2 3 unacceptable
O | O O |
Affects Driving Performance | Operation Quality |
Weighting 1.0 +(0.1%x1) + (0.05 x 0.8) =1.14
. The speech-based HMI cannot be easily activated by mistake - neither via a push-to-talk button
Explanation
nor a key phrase.
Try to trigger the speech-based HMI unintentionally. If a push-to-talk button is installed, think about
Testin how easily it can be triggered accidentally. If the system uses a key phrase, try to incorporate
9 similar sounding phrases into a sentence. Also check whether the system can distinguish between
driver and passengers.
Speech-Based Standard Criteria Summary — Interaction
References )
Naujoks et al. (2019)

M1-SB-5 — Intelligibility / Quality of Voice Output

The output speech is characterized by a high level of comprehensibility. The pronunciation is free from any dialect.
The words can be easily distinguished from one another.

Perfectly natural Very natural Almost natural Rather artificial .
No voice output.
language. language. language. language.
0 1 2 3 unacceptable
O O O O O
Affects Operation Quality |
Weighting 1.0 + (0.1 x 0) +(0.05 % 1.5) =1.07

If the speech-based HMI provides speech output, the language should be easily understandable

Explanati
xplanation (intelligibility) as to not distract the driver.
Testin Start a dialog with the system and activate various functions. Evaluate the language used by the
9 system.
Speech-Based Standard Criteria Summary — Audio Signal
References

Suhm (2003)
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M1-SB-6 — Feedback Dimensions

The speech-based HMI primarily uses acoustic feedback in the form of speech output. Optionally, chimes are
used. Visual feedback is shown to support the operation.

Speech output with
chimes and visual

Speech output with
chimes. No visual

Speech output with
visual feedback. No

Speech output. No
chimes or visual

Visual feedback

feedback. feedback. chimes. feedback. only.
0 1 2 3 unacceptable
O O O O O
Affects
Weighting 1.0 + (0.1 x 0) +(0.05 % 0) =1

The speech-based HMI uses speech output as the primary feedback to avoid that the driver looks
away from the road. In addition, chimes are used to make the dialog and its segments more

Explanation | distinctive and to indicate whether the system is listening or processing a command. Visual
feedback is only used as a fallback option in case the driver has not adequately understood the
speech output.

. Start a dialog with the system and activate and adjust various functions. Pay attention to which

Testing
feedback types are used by the system.

Speech-Based Standard Criteria Summary — Information Presentation

References

Hua & Ng (2010)

M1-SB-7 — Volume

The speech output uses an appropriate volume. The volume is adjustable and is automatically adjusted at high
noise levels. Other audio sources are reduced during speech output.

Volume appropriate
in default setting.
The volume is
adjustable.
Automatic control
and reduction of

Volume slightly too
loud/quiet in default
setting. The volume
is adjustable.
Automatic control
and reduction of

Volume too
loud/quiet in default
setting. Volume
adjustable, but no
automatic control or
reduction of other

Volume too
loud/quiet in default
setting.

Volume adjustable,
but no automatic
control and

Volume not
adjustable.

Or

other audio other audio audio sources. reduction of other No speech output.
sources. sources. audio sources.
0 1 2 3 unacceptable
O O O O O
Affects Operation Quality |
Weighting 1.0 + (0.1 x0) +(0.05 % 0.8) =1.04
By default, the speech-based HMI is loud enough to be easily understood. The volume can be
Explanation | adjusted if necessary. To increase intelligibility, the system automatically adjusts the volume and
reduces the noise level of potentially disturbing audio content (e.g., music).
First start a dialog with the system and evaluate the default volume. Now try to adjust the volume.
Testin Then drive the vehicle and check whether the system increases the volume. Start audio content
9 (e.g., radio) and initiate a dialog. Check whether the system reduces the volume of the other audio
content.
References | Speech-Based Standard Criteria Summary — Audio Signal
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Analysis
Module | — Shared HMI Features

After answering all items of the HMI types used by the function(s) you want to assess, please sum up the ratings to
calculate the HMI operation score. If your function(s) do/es not use an HMI type, check the “not used” box. If an item
scored an “unacceptable” check the “unacceptable” box.

HMI Type Not used? Unacceptable? HMI Operation Score Point Range

Physical Controls O O 0 (best) > 23 (worst)
Touch-Based HMI O O 0 (best) > 46 (worst)
Speech-Based HMI O O 0 (best) > 27 (worst)

Transfer the results to the evaluation sheet. If "unacceptable” occurred in module I, continue with module 1l on the
next page.
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Module Il - Function-Specific HMI Features

In the second module, the implementation (HMI type & operation steps) of each individual function is checked.
Repeat the module until all the functions which you would like to evaluate have been assessed in both parts (a & b)
of module II.

Module Il a — Optimal HMI implementation

Please answer the following questions to determine the use context of the function:

Question 1: What is the cause for the use of the function?

— external factors (in relation to the driving task): e.g., using indicators due to the infrastructure, turning off
the cruise control because of an obstacle, enabling windshield wipers in the rain

— internal (voluntary by the driver): e.g., changing the song in the media control, setting the temperature in
the climate control, answering a call

—— If "external" in question 1 - Question 2: How much time is available to operate the function? By when must

the operation be completed?

— instantly: e.g., braking, swerving

— afew seconds: e.g., setting cruise control, switching on windshield wipers, switching on lights

— longer-term: e.g., adding a petrol station to the navigation, avoid traffic jams in the navigation
system

L—— If "longer term" in question 2 > Question 4: How great is the risk of and how severe are the effects
of an erroneous operation?
— high risk: interference with lateral and longitudinal control (e.g., assistant switched off),
strong distraction (e.g., radio very loud)
— low risk: slight distraction (e.g., ventilation at full strength)

—— If "internal” in question 1 > Question 3: How often is function used?

— often: e.g., adjusting the volume of the radio, adjusting climate control
— seldomly: e.g., changing settings in the configuration menu, pairing a new phone

If “often” in question 3 > Question 4: How great is the risk of and how severe are the effects of an
erroneous operation?
— high risk: interference with lateral and longitudinal control (e.g., assistant switched off),
strong distraction (e.g., radio very loud)
— low risk: slight distraction (e.g., ventilation at full strength)

The questions are part of the decision tree for the determining the optimal implementation of the function (see
page 22). The implementation is made up of the Directness and HMI Type:

1) Directness: This describes the number of operation steps required. The fewer operation steps required, the more
directly the function can be accessed. The following operation actions can be distinguished depending on the
modality:

Physical Controls: pressing, turning, sliding, tilting; Touch-based HMI: tapping, swiping, zooming; Speech-
based HMI: commands, parts of a dialog
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Operation step: Each individual action to control a function. The actions must be counted individually and not
be grouped together. For example, the first click on a button in the touch display, whereupon a pop-up menu
appears, and the subsequent selection of an entry using a button count as two operating actions. It should also
be noted whether the operation is "step-by-step" or continuous. If, for example, rotary switches with individual
grid points are used to select between different points of a list, each grid step is a single operating step. If, on
the other hand, the volume is adjusted with a continuous action using rotary switches with grid steps, this is
seen as a singular operating action.

2) HMI types: The HMI types differ in their main modality used for the interaction with the driver (see definitions in
the assessment scope). The bold and larger implementation placed at the very top within each level of the decision
tree is the primary modality and is always required on implementation levels 1 — 3. The implementations listed below
the primary modality are called secondary modalities. On level 1, no secondary modality is allowed; on levels 2 and
3, the bold secondary modality is the recommended secondary modality. On levels 4 and 5, the secondary modality
must be suitable for the function’s complexity, and the primary modality is not necessarily needed.

Now, use the decision tree (see next page) to determine the optimal implementation. Then, use the comparison
table to compare the actual implementation against the actual implementation.

1. Follow the decision path: Determine the optimal implementation by running through the decision tree’s
paths. Any path will end at one of the five implementation levels. Each implementation level is made up of
the number of operating steps ("directness") and the primary modality (written in a bold and larger font, at
the very top) as well as other possible, secondary modalities (written in smaller letters, below) or not
permitted modalities (crossed out). Tick the primary modality and, if possible, the secondary modalities.

2. Transfer the optimal implementation into the comparison table: For the ideal implementation, transfer
the number of operation steps and primary and secondary modalities into the comparison table. Also
transfer modalities which are not permitted into the table and cross them out, if applicable (level 1).

3. Insert the actual implementation into the comparison table: For the actual implementation, add the
number of operation steps of the primary modality if used by the actual function implementation. Next, add
secondary modalities, if applicable.

4. Compare: The comparison is made in three steps, and the outcome differs between the implementation
levels. The colored columns of the table correspond to the ratings of optimal (green), suboptimal (blue) and
unacceptable (red).

— Step 1: Compare the operation steps.
o Levels 1 - 4: more operation steps are unacceptable.
o Levels 4 & 5: The same number of operation steps is optimal, less is deemed suboptimal.
— Step 2: Compare the primary modality.
o Levels 1-3: The primary modality must be used, otherwise this is rated as unacceptable.
o Levels 4 & 5: The primary modality should be used. If the primary modality is not used
but a secondary modality is used this is rated as suboptimal (see next step).
— Step 3: Compare the secondary modalities.
o Level 1: If an unpermitted secondary modality is used, this is rated as unacceptable.
o Level 4 & 5: If the primary modality was not used but a suitable (for the task’s complexity)
secondary modality is used, this is rated as suboptimal. If an unsuitable secondary
modality is used, this is rated as unacceptable.
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Optimal Implementation
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Analysis

Module Il a — Optimal HMI implementation

After determining the optimal implementation and checking whether the actual implementation complies with it,
please fill out the following table to sum up the results. If the evaluation resulted in a “optimal” or “suboptimal”, you
may continue with the assessment in part b of module . If the actual implementation is deemed “unacceptable”, the

assessment of the function has to be stopped and its implementation needs to be revised. You may, however, still
continue with the assessment of other functions.

Function: g 2 s
S| 8|8
3 |8 |8
o 5 L
Q Q
- o
(0]
Comparison Result: Optimal vs. Actual Implementation
Rating O O O

Reason for an “unacceptable” or “suboptimal’:

Transfer the results to the corresponding section of the evaluation sheet.



156

Module Il b — HMI Function Interaction

Please indicate which HMI type(s) are used by the function that you are currently assessing:

Function:

HMI Type

Physical Controls a
Touch-Based HMI a
Speech-Based HMI O

For each HMI type used for controlling the function, please check whether and how the criteria (items) listed below
apply. If a rating of “unacceptable” is given for any item, please do not continue with the assessment. Here, the HMI
type should be revised to ensure an acceptable operation level. You may, however, continue with the assessment
of another HMI type if is used for the operation of the function.

Repeat module Il b for every function you would like to assess.
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The following criteria must be checked for the HMI type. With each item, the deviation from an ideal design is
determined. The sum (score on the rating scale multiplied with the weighting factor) of all items results in an HMI
operation score. The items most relevant regarding driver distraction are listed first.

M2-PC-1 — Susceptibility to Operation Errors

The operation of the function is not prone to errors.

Not error-prone.
The control element
offers an optimal
operating
resistance and is
placed at an optimal

Somewhat error-
prone. The control
element offers a
good operating
resistance and is
easy to reach.

Moderately error-
prone. The control
element offers a
suboptimal
operating resistance
(too light or heavy)
or is difficult to

Rather error-prone.
The control element
offers a suboptimal
operating resistance
(too light or heavy)
and is difficult to

Extremely error-
prone. The control
element offers a
poor operating
resistance (much
too light or heavy)
and is difficult to

position. reach. reach. reach.
0 1 2 3 unacceptable
O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 % 3) +(0.05 x 3) =1.45
. The interaction with the control element should be carried out in a way that allows for the
Explanation . .
successful operation of the function.
Operate the function that is controlled via the control element. Pay attention to the operating
Testing resistance and the position where the element is placed in the cockpit. Consider whether you
would have problems operating the function on an uneven road.
References | Naujoks et al. (2019)

M2-PC-2 — Expectation Conformity

The control element is positioned where drivers would usually expect to find it.

L . Slight deviation, but | Moderate deviation, Other position
Fully in line with . . . Not conform to
. still conform to but still conform to | where it only occurs .
expectations. . . . expectations.
expectations. expectations. sometimes.
0 1 2 3 4
O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x1) +(0.05 x 5.2) =1.36
Explanation | The control element should be placed in an area where a driver would normally expect to find it.
Testin Check the position of the control panel and assess the extent to which this is in line with
9 expectations.
References | ISO 15005:2017 & ISO 3958:1996
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M2-PC-3 — Correction of Operation Errors

In the event of an operation error, the operation can be undone or canceled.

Yes, with one
operation step,

Yes, with one
operation step, very

Yes, with multiple
operation steps,

Yes, with multiple
operating steps,

No and/or only over
a longer period of

immediately. quickly. quite quickly. moderately fast. time.
0 1 2 3 unacceptable
O O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x1) +(0.05 x 1.5) =1.18
. If the function is erroneously adjusted, switched on or off, it must be possible to reverse the
Explanation . . .
operating action quickly.
Switch the function on and, if possible, check for each setting how quickly you can return the
Testing function to the previous or a safe state. Pay attention to the time and the number of operation
steps required.
Ma & Gong (2024)
References

Naujoks et al. (2019)

M2-PC-4 — Risk of Operation Errors

There is no safety risk if the function is operated incorrectly.

Extreme safety risk:
- .Safet){ r|sk:.weak .Safety. risk: §trong Safety risk for Intelrverltlon in
No safety risk. distraction (visual or | distraction (visual or longitudinal and
. . others. .
acoustic). acoustic). lateral vehicle
movement.
0 1 2 3 unacceptable
| O O |
Affects Driving Performance |
Weighting 1.0 +(0.1%x1) +(0.05 x 0) =11
Explanation In the event of an operation error, the function is either unintentionally adjusted, switched on, or
P switched off. This should not result in a safety risk.
Switch the function on and off. If possible, switch the function to its maximum and minimum setting
and check to what extent safety risks arise. A weaker group of safety risks is the distraction of the
Testing driver (e.g., radio very loud, ventilation fully turned up). The next more serious risk is the distraction
of others (e.g., blinding others with high beams). Interventions in the lateral and longitudinal
movement of the vehicle are unacceptable.
References | Visual-Manual Guideline Criteria Summary — System Response
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M2-PC-5 — Additional Feedback

The operation of the function is accompanied by clear feedback. This supplements the feedback from the function

itself, if available.

Ye§, hapt|c', Yes, haptic & Yes, haptic & visual Not haptlc, only No additional
acoustic and visual . acoustic and/or
acoustic feedback. feedback. . feedback.
feedback. visual feedback.
0 1 2 3 unacceptable
O O O O
Affects Operation Quality |
Weighting 1.0 + (0.1 % 0) +(0.05 x 1.5) =1.07

Explanation

The operation of the function is accompanied by haptic feedback. Ideally, this feedback is made
even more distinct by using other feedback channels (separately via loudspeakers and displays).
If the function itself provides feedback (e.g., ventilation), it is enhanced by additional feedback.

Testing

Use the control panel to switch the function on, off, or adjust it. Pay attention to which extent
feedback occurs. Haptic feedback from the controls element itself (e.g., different position, detent
steps). Acoustic or visual feedback from the function itself. Acoustic feedback via loudspeakers.
Visual feedback via displays.

References

Visual-Manual Guideline Criteria Summary — Interaction
ISO 15005:2017

M2-PC-6 — Comprehensibility

The control element is labeled with distinct letters and symbols so that it does not take much time to look at it.

Yes, distinct Yes, only distinct Yes, only distinct Text and/f)r.symbols No labeling.
symbols and text. symbols, no text. text, no symbols. not distinct.
0 1 2 3 unacceptable
O | | O |
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x0) +(0.05 % 0) =1
Explanation | The control element is labeled with symbols or short text (e.g., "AC") to minimize glance times.

Look at the control panel and assess whether the symbols and/or text used are clear and distinct.

Testing This is about the meaning of the symbols and text, but not about the legibility of the labeling, which
has already been assessed in module I.
Visual-Manual Guideline Criteria Summary — Information presentation

References | ISO 15005:2017

Naujoks et al. (2019)
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Module Il b — Touch-Based HMI

The following criteria must be checked for the HMI type. With each item, the deviation from an ideal design is
determined. The sum (score on the rating scale multiplied with the weighting factor) of all items results in an HMI
operation score. The items most relevant regarding driver distraction are listed first.

M2-TB-1 — Susceptibility to Operation Errors

The operation of the function is not prone to errors.

Not error-prone.
The operation logic
is clear. The
buttons are
appropriate for the
size and sensitivity
of the touchscreen.

Somewhat error-
prone. The
operation logic is
not clear. The
buttons are
appropriate for the
size and sensitivity

Moderately error-
prone. The
operation logic is
clear. The buttons
are inappropriate
for the size and
sensitivity of the

Rather error-prone.
The operation logic
is not clear. The
buttons are

size and sensitivity
of the touchscreen.

inappropriate for the

Extremely error-
prone. The
operation logic is
confusing. The
buttons are
completely
inappropriate for the
size and sensitivity

of the touchscreen. touchscreen.
of the touchscreen.
0 1 2 3 unacceptable
| | O |
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 % 4) + (0.05 x 4.5) =1.62
. The interaction with the touch interface should work in a way that allows for the successful
Explanation . . .
operation of the function without any errors.
Operate the function via the touch interface. Pay attention to the operation logic (path from the
Testing home screen, grouping in submenus, etc.) and evaluate if the operation elements (buttons, sliders)
are appropriate regarding the size and sensitivity of the touchscreen.
Grahn (2020)
References | Liu et al. (2022)
Naujoks et al. (2019)
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M2-TB-2 — Expectation Conformity

The texts and symbols of the function follow familiar conventions. The operation logic is similar to physical

controls.

Texts and symbols
follow familiar
conventions
completely, the
operation logic is
analogous to
physically controlled

Texts and symbols
follow familiar
conventions largely,
the operation logic
is almost analogous
to physically
controlled systems.

Texts and symbols
follow familiar
conventions only
partly, the operation
logic deviates
somewhat from
physically controlled

Texts and symbols
do not follow
familiar
conventions, the
operation logic
differs greatly from
physically controlled

Texts and symbols
contradict familiar
conventions, the
operation logic
differs greatly from
physically controlled
systems.

systems. systems. systems.
0 1 2 3 unacceptable
O O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x 4) + (0.05 x 4.5) =1.62
The function’s touch interface uses symbols and texts that correspond to conventions found in
Explanation | other function implementations (physical controls). Furthermore, the operation logic corresponds
to already established implementations of the function.
Look at the function when it is switched on and off and, if possible, in every setting. Assess whether
the texts and symbols used are understandable for a user with an average “automotive operating
Testing experience”. Also check whether the operation logic is compatible with previous physically
controlled systems (e.g., on/off via a button that then appears pressed; higher setting further to
the right, etc.).
Visual-Manual Guideline Criteria Summary — Information Presentation
References | ISO 15005:2017
Naujoks et al. (2019)

M2-TB-3 — Risk of Operation Errors

There is no safety risk if the function is operated incorrectly.

Extreme safety risk:
- .Safet){ r|sk:.weak -Safety- risk: §trong Safety risk for Intelrver.1t|on in
No safety risk. distraction (visual or | distraction (visual or longitudinal and
. . others. .
acoustic). acoustic). lateral vehicle
movement.
0 1 2 3 unacceptable
O | O O |
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 % 3) + (0.05 x 1.5) =1.38
Explanation In the event of an operation error, the function is either unintentionally adjusted, switched on, or
P switched off. This should not result in a safety risk.
Switch the function on and off. If possible, switch the function to its maximum and minimum setting
and check to what extent safety risks arise. A weaker group of safety risks is the distraction of the
Testing driver (e.g., radio very loud, ventilation fully turned up). The next more serious risk is the distraction
of others (e.g., blinding others with high beams). Interventions in the lateral and longitudinal
movement of the vehicle are unacceptable.
References | Visual-Manual Guideline Criteria Summary — System Response
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M2-TB-4 — Correction of Operation Errors

In the event of an operation error, the operation can be undone or canceled.

Yes, with one
operation step,

Yes, with one
operation step, very

Yes, with multiple
operation steps,

Yes, with multiple
operating actions,

No and/or only over
a longer period of

immediately. quickly. quite quickly. moderately fast. time.
0 1 2 3 unacceptable
O O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x 3) +(0.05 % 0.8) =1.34

If the function is mistakenly adjusted, switched on or off, it must be possible to reverse the

Expl i
xplanation operation action quickly.
Switch the function on and, if possible, check for each setting how quickly you can return the
Testing function to the previous or a safe state. Pay attention to the operation time and the number of
operation steps required.
Ma & Gong (2024)
References

Naujoks et al. (2019)

M2-TB-5 — Interaction Speed (only applicable to multiple-step operation)

The driver determines the interaction speed at which the function is operated. The function does not continue
automatically and does not generate any pressure for the continuation of the operation.

Function waits
indefinitely for driver

Function waits a
long time for driver
input, then returns
to the initial state or

Function waits a
little for driver input,
then returns to the
initial state or gives

Function waits
briefly for driver
input, then returns
to the initial state or

Function almost
does not wait for
driver input, quickly
returns to the initial

input. . " . o tat dd t
npu gives further additional gives additional sta e. and does no
- . . . . . provide any further
instructions. instructions. instructions. . .
information.
0 1 2 3 unacceptable
O O | O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 % 2) + (0.05 x 1.5) =1.27
. In the case of multiple-step operation, the function waits for the driver's input at each operation
Explanation . .
step. It does not continue automatically.
Testin Start a multiple-step operation process within the function. After each interaction step, test whether
9 and for how long the function waits for driver input.
Visual-Manual Guideline Criteria Summary — Interaction
References
ISO 15005:2017
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M2-TB-6 — Additional Feedback

The operation of the function is accompanied by clear feedback at every operation step (activation, deactivation,
adjustment) and in the event of errors. This supplements the feedback from the function itself, if available.

Acoustic and visual Acoustic or visual ) . . .
Acoustic and visual Only visual or No additional
feedback for every feedback for every .
. . feedback only for acoustic feedback feedback for
operation step and operation step and operation steps or for operation steps operation steps or
in the event of in the event of P P P P P P
errors. or errors. errors.
errors. errors.
0 1 2 3 unacceptable
O a a O a
Affects Driving Performance | Operation Quality |
Weighting 1.0 +(0.1%x1) +(0.05 x 3) =1.25

Explanation

Each operating step and error of the function is accompanied by clear feedback. If the function
itself provides feedback (e.g., ventilation), this is supplemented by additional feedback.

Switch the function on, off and, if possible, adjust it. Check whether visual and/or acoustic

Testing feedback is/are used for each operation step. Check to what extent error feedback is given, e.g.,
when a blocked option is selected or when the end of a list is reached.
Visual-Manual Guideline Criteria Summary — Interaction

References

ISO 15005:2017

M2-TB-7 — Legibility

The text, symbols, and images used in the function menu are easy to read and high-contrast.

Text, images, or Text, images, or Text, images, or Text, images, or Text, images, or
symbols are symbols are slightly symbols are too symbols are very symbols are much
optimally sized and too small or low- small or low- small or low- too small or without
high-contrast. contrast. contrast. contrast. contrast.
0 1 2 3 unacceptable
O O O O O
Affects Operation Quality |
Weighting 1.0 + (0.1 % 0) +(0.05 x 0.8) =1.04
. The texts, pictures, and/or symbols displayed in the function menu are easy to read in terms of
Explanation o
their size and contrast.
Testin Look at the function when it is switched on and off and, if possible, in every setting. Assess whether
9 the elements used (text, images, symbols) are easy to read in every setting.
Visual-Manual Guideline Criteria Summary — Information Presentation
References | Naujoks et al. (2019)

ISO 15008:2017
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M2-TB-8 — In-process Abortion (only applicable to multiple-step operation)

A multiple-step operation that has been started can be canceled during the process.

The function can be
canceled at any

The function can be
canceled at almost

The function can be
canceled at a few

The function can be
canceled at several
points or can only
be canceled in a

The function cannot
be canceled.

int. int. ints.
poin every poin points cumbersome
manner.
0 1 2 3 unacceptable
O O O O O
Affects
Weighting 1.0 + (0.1 x0) +(0.05 % 0) =1
Explanation | In the case of multiple-step operation, the operation process can be stopped at any point.
Start a multiple-step operating process within the function (e.g., a navigation or phone function).
At any operation point, test whether you can cancel the function operation. Aborting can be done
Testing via a separate button, by calling up the home menu, or by calling up another function menu. A
cancellation is considered cumbersome if it requires several operating steps (e.g., if "back" has to
be pressed several times).
Visual-Manual Guideline Criteria Summary — Interaction
References
ISO 15005:2017
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Bonus part: The following criteria are an optional part of the HMI type assessment. These are deemed desirable
but not necessary. If they do not apply, skip the items. If they apply, bonus points are collected which are used to
lower the HMI operation score.

M2-TB-9 — Shortcut

The operation of the function can be shortened by skipping individual operation steps.

Function can be
operated via a

Function can be
operated via a

Function accessible

Function accessible

Function does not

sﬁortcut Wlth' a shortcut with fewer via physical via speech-based offer a shortcut.
single operation . controls. HMLI.
operation steps.
step.
-4 -3 -2 -1 0
| O | |
Affects
Weighting 1.0 + (0.1 x 0) + (0.05 x 0) =1
. The operation of the function can be shortened by using a shortcut (touch-based HMI, physical
Explanation . . . .
controls, and/or voice-based HMI) which skips operation steps.
First try to create a shortcut for the function on the home screen. Then check whether you can
Testin operate the function so that the final operation step can be accessed directly via this shortcut. Also
9 check to what extent the function can also be accessed via physical controls and the voice-based
HMI.
References | Ebel et al. (2023)
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Module Il b — Speech-Based HMI

The following criteria must be checked for the HMI type. With each item, the deviation from an ideal design is
determined. The sum (score on the rating scale multiplied with the weighting factor) of all items results in an HMI
operation score. The items most relevant regarding driver distraction are listed first.

M2-SB-1 — Fallback

The function can also be operated using a modality (HMI type) other than speech. The fallback uses the optimal
implementation according to module Il a.

Yes, via another .
Yes, via another

optimal modality
(primary or upper

optimal modality

Yes, via suboptimal

Yes, via suboptimal
and unacceptable

No, no fallback.

and suboptimal modalities. .
secondary modalit modalities.
modality). Y-
0 1 2 3 unacceptable
O a O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 % 6) +(0.05 x 3.8) =1.79

The function can be operated not only via voice, but also via another modality (physical controls

Explanation | and/or touch-based HMI). This ensures operability even if there are errors in the speech-based
HMI.
Check to what extent the function accessible via the speech-based HMI can also be accessed via

Testing other interfaces (physical controls and/or touch-based HMI). Also check whether the
implementation is optimal in accordance with module Il a.

References | Hua & Ng (2010)

M2-SB-2 — Correction of Operation Errors

In the event of incorrect operation, it can be undone or canceled.

Yes, with a single
command and via
barge-in,
immediately.
Cancellation is
confirmed verbally.

Yes, with several
commands and via
barge-in.
Cancellation is
confirmed verbally.

Yes, with a single
command, but only
after the speech-
based HMI has
finished its dialog.
Cancellation is
confirmed verbally.

Yes, with several
commands but only
after the speech-
based HMI has
finished its dialog.
Cancellation is not
confirmed verbally.

No, it is not possible
to cancel via voice.

0 1 2 3 unacceptable
O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x 5) +(0.05 x 3) =1.65
. If the function is mistakenly adjusted, switched on, or off via the speech-based HMI, it must be
Explanation . . . .
possible to reverse the operation action quickly.
Activate or adjust the function using the speech-based HMI. Try to interrupt the interaction by
Testing barging-in with a command such as "Cancel!". If this is not possible, try canceling the interaction
after the assistant has finished speaking. If necessary, test other commands to cancel the function.
Speech-Based Standard Criteria Summary — System Response
References
ISO 15005:2017
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M2-SB-3 — Susceptibility to Operation Errors

The speech-based operation of the function is not prone to errors.

Not error-prone.
The speech-based

HMI works reliably.

The target function
can always be

Somewhat error-
prone. The speech-
based HMI almost
always works
reliably. Instead of
activating

Moderately error-
prone. The speech-
based HMI works
unreliably from time
to time. Other
functions are

Rather error-prone.
The speech-based
HMI is unreliable.
Other functions are
activated without

Extremely error-
prone. The speech-
based HMI is very
unreliable. Other
functions are

operated. something else, it . . . constantly activated
) activated without asking. i .
first asks how to . without asking.
asking.
proceed.
0 1 2 3 unacceptable
O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x 4) +(0.05 x 3.8) =1.59
Explanation The interaction with the speech-based HMI should work in a way that allows for the successful
P operation of the function without any errors.
Operate the function using the speech-based HMI. Make sure that you can reliably switch the
Testin target function on, off and, if possible, adjust it. Try varying your expressions to provoke a
9 misunderstanding (e.g., speaking quietly, mumbling, alternative terms) and check whether the
speech-based HMI asks if it understood you correctly or if it directly activates another function.
Naujoks et al. (2019)
References
Reichel et al. (2014)
M2-SB-5 — Risk of Operation Errors
There is no safety risk if the function is operated incorrectly.
Extreme safety risk:
' .Safet){ rlsk:.weak .Safety. risk: §trong Safety risk for Intelrver.1t|on in
No safety risk. distraction (visual or | distraction (visual or others longitudinal and
acoustic). acoustic). ’ lateral vehicle
movement.
0 1 2 3 unacceptable
O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 x 2) +(0.05 x 3.8) =1.39
Explanation In the event of an operation error, the function is either unintentionally adjusted, switched on or
P switched off. This should not result in a safety risk.
Switch the function on and off. If possible, switch the function to its maximum and minimum setting
and check to what extent safety risks arise. A weaker group of safety risks is the distraction of the
Testing driver (e.g., radio very loud, ventilation fully turned up). The next more serious risk is the distraction
of others (e.g., blinding others with high beams). Interventions in the lateral and longitudinal
movement of the vehicle are unacceptable.
Speech-Based Standard Criteria Summary — System Response
References i o o
Visual-Manual Guideline Criteria Summary — System Response
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M2-SB-6 — Additional Feedback

Feedback as part of the function operation is provided verbally (speech) and acoustically (chimes). Visual
feedback is compact and not distracting. This complements the feedback from the function itself, if available.

Short and concise
Rather long speech Rather long or
speech output and Rather long speech . . .
. . output or no incomprehensible Only visual
chimes. Visual . . output and no .
chimes. Visual , ) speech output. feedback, which is
feedback short and chimes. Visual .
. feedback not as Visual feedback too very long.
only used for multi- . feedback too long.
. . short as possible. long.
step interaction.
0 1 2 3 unacceptable
O O O O O
Affects Driving Performance | Operation Quality |
Weighting 1.0 +(0.1%x1) + (0.05 % 6) =1.4
The function operation using the speech-based HMI is accompanied by acoustic feedback. Ideally,
Explanation | chimes are used, and the operation is confirmed via speech output. Visual feedback should be
brief and only used for multiple-step functions.
Activate or adjust the function using the speech-based HMI. When doing so, pay attention to the
Testing acoustic (speech and/or chimes) and visual feedback (in the instrument cluster, on the touch
display or on physical switches) that is used.
Speech-Based Standard Criteria Summary — Information Presentation
References
Hua & Ng (2010)

M2-SB-7 — Diverse Commands

The system uses a naturalistic language model. The function can be activated using various common

expressions.

Multiple Only a specific
Many common Several common Some common , , .
. . . expressions expression with a
expressions for the | expressions for the | expressions for the . .
) . . possible, but they keyword is
function are function are function are . .
. . . must always contain | recognized for the
recognized. recognized. recognized. )
a keyword. function.
0 1 2 3 unacceptable
O | | O |
Affects Driving Performance | Operation Quality |

Weighting 1.0 +(0.1%x1) + (0.05 x 1.5) =1.18
Explanation | Various common expressions can be used to activate and/or control the function.
Try using various commands to switch the function on, off and, if possible, adjust it. Vary the
expressions you use for this. Expressions for controlling the seat heating, for example, could be
Testing "Switch on the seat heating", "I'm cold", etc. Pay attention to whether the system insists on the
use of certain key terms (e.g., "seat heating" must always be mentioned to control the seat
heating).
Speech-Based Standard Criteria Summary — Interaction
References | ISO 15005:2017

Eriksson et al. (2014)




169

M2-SB-8 — In-process Abortion (only applicable to multiple-step operation)

A multiple-step operation can be canceled mid-process by informing the speech-based HMI of the cancellation

request.

The function can be
canceled at any

The function can be
canceled at almost

The function can be
canceled at a few

The function can be
canceled at several
points or can only

The function cannot

oint every point oints be canceled in a be canceled.
point. ¥ point. P ' cumbersome
manner.
0 1 2 3 unacceptable
O O O O
Affects
Weighting 1.0 + (0.1 x0) +(0.05 % 0) =1
Explanation | In the case of multiple-step operation, the operation process can be stopped at any point
Start a multiple-step operation process within the function. Within each interaction step, test
whether you can cancel the operation of the function. A cancellation may happen via a separate
Testin command, e.g., “Cancel!” or by cancelling the speech-based HMI altogether. The function may
9 also be canceled by starting the operation of another function. Finally, the cancelling can also be
carried out via another modality (touch-based HMI or physical controls). Canceling is inconvenient
if several dialogs with the speech-based HMI are necessary.
References | Speech-Based Standard Criteria Summary — Interaction

M2-SB-9 — Interaction Speed (only applicable to multiple-step operation)

The driver determines the interaction speed at which the function is operated. The speech-based HMI does not
continue automatically and does not generate any pressure for the continuation of the operation.

The speech-based

The speech-based
HMI waits a long
time for driver input,

The speech-based
HMI waits briefly for

The speech-based
HMI waits briefly for

The speech-based
HMI does not wait
for driver input,

HMI waits ) . driver input, first driver input, gives .
. . . first gives . . . . . gives no
indefinitely for driver . h gives instructions no instructions and . .
. instructions and instructions and
input. and then cancels cancels the
then cancels the . . cancels the
. the operation. operation. .
operation. operation.
0 1 2 3 unacceptable
O O
Affects
Weighting 1.0 + (0.1 x0) +(0.05 x 0) =1
Explanation In the case of multiple-step operation, the speech-based HMI waits for the driver's input at each
P operation step. It does not continue automatically.
Testin Start a multiple-step operation process within the function. After each voice output, test whether
9 and for how long the speech-based HMI waits for driver input.
References | Speech-Based Standard Criteria Summary — Interaction
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Bonus part: The following criteria are an optional part of the HMI type assessment. These are deemed desirable
but not necessary. If they do not apply, skip the items. If they apply, bonus points are collected which are used to
lower the HMI operation score.

M2-SB-4 — Shortcut

The function can be activated with a single short command. The speech-based HMI provides information on the
ideal command during the interaction.

Yes, short Yes, medium-long Yes, long
Yes, short own predefined ideal predefined ideal predefined ideal
. No, no shortened
ideal command command, speech- | command, speech- command, no operation possible
possible. based HMI gives | based HMI gives | instructions from the | P P '
hints. hints. speech-based HMI.
-4 -3 -2 -1 0
O | O O |
Affects Driving Performance | Operation Quality |
Weighting 1.0 + (0.1 % 4) + (0.05 x 4.5) =1.62

Explanation

The operation of the function via speech-based HMI can be shortened by using one’s own or a
predefined ideal voice command. The speech-based HMI should provide information about the
ideal command.

Start a voice-controlled operation of the function in which you try to operate it in a complicated
way (e.g., many individual steps). Pay attention to whether the speech-based HMI gives you tips
for an ideal command. You can also ask the speech-based HMI about the function and check

Testin ) . . . .

9 whether it provides operation commands. Finally, you should check whether you can assign your
own commands - either directly via the speech-based HMI or via the settings in the central touch
display.

Hua & Ng (2010) Response
References

Ebel et al. (2023)
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Analysis
Module Il b — HMI Function Interaction

After answering all items of the HMI types used by the function you want to assess, please sum up the ratings to
calculate the HMI operation score. If your function does not use an HMI type, check the “not used” box. If an item
scored an “unacceptable” check the “unacceptable” box.

Function:

HMI Type Not used? Unacceptable? HMI Oeration Score Point Range
Physical Controls O O 0 (best) > 22 (worst)
Touch-Based HMI O O -4 (best) > 32 (worst)
Speech-Based HMI O O -7 (best) > 33 (worst)

Transfer the results to the evaluation sheet.
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Evaluation Sheet

Assessment Scope

Function

Function Group

Module | — Shared HMI Features

HMI Type Not used? Unacceptable? HMI Op. Score Point Range

Physical Controls O O 0 (best) > 23 (worst)

Touch-Based HMI O O 0 (best) > 46 (worst)

Speech-Based HMI O O 0 (best) > 27 (worst)
STOP

Recommendations:

e ‘“unacceptable”: Revise the associated interface characteristic

e High HMI Operation Score: Revise those items whose rating is higher than 2

Module Il a — Optimal HMI implementation

Function: = 2 |5
S | 8|3
5 |2 |8
3 |Z
Q Q
- =
(0
Comparison Result
Rating O o | d
STOP
Reason for an “unacceptable” or “suboptimal”:
Recommendations:
e ‘“unacceptable”: Provide a suitable, optimal implementation for the function
e “suboptimal“: Improve the function implementation
Module Il b — HMI Function Interaction
HMI Type Not used? Unacceptable? HMI Op. Score Point Range
Physical Controls O O 0 (best) > 22 (worst)
Touch-Based HMI O O -4 (best) > 32 (worst)
Speech-Based HMI O O -7 (best) > 33 (worst)
STOP

Recommendations:

e ‘“unacceptable”: Revise the associated interface characteristic

e High HMI Operation Score: Revise those items whose rating is higher than 2

90U0 AJuo }o8yo

uonouny a|buls A1eAs 10} Xo8yo
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Appendix B: Operationalization of the HMI Checklist’s Interface Design Aspects

For the validation of the checklist, a driving simulator experiment was conducted. The impact of the individual design
aspects (items) per HMI type on the distraction dynamics while driving was examined. To capture the effect on
distraction, driving performance and operation quality were measured.

To adequately understand the results, the operationalization of the checklist parameters as well as the driving task
and operation tasks must be considered. The operationalization describes the specific implementation of the driving
task, function operation tasks, and checklist’s design aspects in the study. Therefore, it refers to how the distraction,
influenced by various aspects of an interface, was made measurable.

The operationalization establishes a very specific context of driving and function operation. In real life, driving
maneuvers are diverse, as are the operation tasks and the manufacturer-specific implementation. Therefore, the
study’s results provide only an indication toward relevant aspects for real vehicle function operation; in any case,
they do not claim absolute validity. The transfer of the checklist parameters to further contexts must be discussed
carefully.

In this document, the driving task and operation tasks (simple and complex) are first described, before the
operationalization of the checklist parameters is explained per HMI type.

Beyond the operationalization, examples are provided for each design principle to make the transfer to real-life
function operation easier.
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Driving Task: Lane-Change Task

Driving environment in the Lane-Change Task.

In the Lane-Change Task (LCT), participants drive at a constant speed of 60 km/h along a three-lane road. Signs
on the right and left side of the road, placed at intervals of 150 meters, indicate which lane should be changed to.
The driving task consists of two subtasks: lane keeping and lane changing.

Lane keeping W Lane change Lane keeping

J "TT:‘ - 'A

Slonmative mudel

Driving tasks in the Lane-Change Task.

To measure driving performance, two aspects are considered: the deviation from the ideal trajectory and the reaction
time between the lane change sign becoming visible and the first steering input. The deviation from the ideal
trajectory represents the visual-manual distraction, while the reaction time serves as an indicator of cognitive
distraction.

Although the LCT is well-suited for capturing distraction, it can be discussed to what extent the results can be
transferred to real-life driving. For instance, there are no other traffic participants present on the road, and the
infrastructure only consists of a three-lane, always- straight road. Complex driving maneuvers are therefore not part
of the driving simulation.
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Function Operation Tasks

In addition to validating the checklist’s interface design aspects (items), a further objective of the study was to
examine the effect of task complexity on driving performance and its interaction with HMI type (physical controls,
touch-based, speech-based) as well as the checklist parameters.

For this purpose, two operation tasks were selected that correspond to the highest (5) and lowest (1) implementation
levels of the decision tree (Module lla): entering a phone numbers (complex task, level 5) and indicating (simple
task, level 1) The levels of the decision tree indicate the acceptable task complexity (operation steps) and HMI type
in relation to the use context.

Optimal Implementation

3
T
Answer the eEmel + g
Q1: Use Cause Q2: Time Frame 3
questions e
. longer Iy
internal l l P g
" : often 3
WEHOEEIEL o Q3: Use Frequency Q4: Consequence Operation Error 5
implementations s
rarely l
primary
«—— Speech |3 :
8_ 1 - 2+ 8 low "
Physlcal Tstep |2 . 5 risk
QO +—{ Touch: 2+ steps ]2 | OPerationsterls) | 3
high
primary a risk
Speech 3 1-2 H afew
Physlcal 1 step 5 = seconds IS
= i @
<—{ Touch: 2+ steps ] < Operation Step(s) 2 . .
immediately
primary N
Physical 3 1 %
g g ©
F i @
m Z Operation Step 2
primary -
Physical | 3 &
2 118
O g _ & S
O m ZF Operation Step %D
primary -
Transfer optimal . Physical ch 1 g
. X & 2 o
@ implementation to — @ TSpeech— 5 Operation Step §
~Touch— @

the comparison table

*operation step: each individual action when operating a function

Decision tree (module lla) from the HMI checklist.
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Simple Task: Indicating

Indicating is an operation task at the first level of the decision tree. The uses context is therefore external, and the
operation must be possible in a single step. In the experiment, the external use context arises from the lane change
required in the LCT.

The operation was tested for each of the three HMI types:

HMI Type Operation Sequence
Physical Press steering wheel
Controls button, visual-acoustic

feedback (arrow
blinking & click sound)

Blinker

[

Blinker links Blinker rechts

Telefon

Lo e




HMI Type Image Operation Sequence
Touch- Press touch buttons,
Based visual-acoustic
. feedback (arrow
Eiinken blinking & click sound)
Blinker links Blinker rechts

Speech- Voice command
Based (without keyword),

Blinker Blinker rechts gesetzt

<5

Blinker links

=

Blinker rechts

Telefon

i

Liftero Fuse Umuftaus

f
[ud)

Sitzheizung

visual-acoustic
feedback (arrow
blinking, click sound &
speech output)

177
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Complex Task: Phone Number Dialing and Calling

Phone operation (entering and calling a phone number) is an operation task at the fifth level of the decision tree.
The use context is therefore internal, and operation generally occurs only rarely and can require multiple steps. In
the study, the phone numbers were provided in segments of three digits by the experimenter.

The operation was tested for each of the three HMI types:

Operation Sequence

HMI Type
Physical Press steering wheel
Controls buttons, visual-acoustic

feedback (call screen &
dial tones)

Blinker

@ 12345678

Blinker links

Nummer eingeben

Blinker

& D

Blinker links Blinker rechts

Anruf wird aufgebaut...

12345789

Abbrechen

Nummer eingeben




HMI Type Image Operation Sequence
Touch- Press touch buttons,
Based visual-acoustic
Telet feedback (call screen &
eleton dial tones)
Schnellwahl
* Max Mustermann . Erika Musterfrau . Peter Pan
123456789
Alles loschen
Anruf wird aufgebaut
123456789
Speech- Voice commands
Based (without keyword),

Blinker

Anruf wird aufgebaut...

123456789

Abbrechen

Rufe 123456789 an

& D

Blinker links Blinker rechts

Sitzheizung

visual-acoustic
feedback (call screen,
dial tones & speech
output)

179
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Interface Design Aspects

The interface design aspects refer to properties of the HMI type affecting function implementation quality. The design
aspects are assessed with the items of the checklist. In module |, these aspects describe characteristics that impact
the operation quality of multiple functions. These include, for example, the size and positioning of a touchscreen.
Every function operated via the touchscreen is equally affected by these aspects. On the other hand, module Il b
assesses aspects for each individual function, such as whether a function can be interrupted during the operation
process or follows established operation sequences.

For the experiment, a generic interface was created for each HMI type (physical controls, touch-based HMI, speech-
based HMI) where all parameters were implemented optimally (0). This version was used to set the reference
distraction level; therefore, it is called the “reference version”. To test the impact of a design aspect’s violation, it was
implemented in a suboptimal way (3). The remaining interface design aspect remained optimally implemented.

13 — Minimalism

The touchscreen interface has a minimalist design and information is presented compactly. This minimizes

visual search times and the associated distraction.
All content is short | Almost all content is Content is Contents rather Contents too long
and concise short and concise | sometimes too long. long
0 1 2 3 unacceptable
[] O O 1 O
optimal suboptimal

The design aspects and their implementation for all three HMI types in the study are described below. The first group
of aspects refer to cross-functional aspects (module I). The second group of aspects is function-specific (module I
b). For each design aspect, examples from automotive settings are provided to facilitate the transfer of the design
principle.

Note: Some design aspects were “bonus” items. Here, instead of measuring the impact of a suboptimal
implementation, the implementation of the bonus design principle was tested. Also, some design aspects were
measured only for the simple or complex task. Affected design aspects (items) are marked in case they are bonus
items and/or were only measured for one of the tasks.



181

PHYSICAL CONTROLS

Reference Version

Enter oschen &)

Exprimental setup of the physically controlled HMI.

Blinker

Blinker links Blinker rechts

Telefon

o o

Hans Miller

Software of the physically controlled HMI: Function tiles for indicating function activation status.
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Module | — Shared HMI Features

can be felt

Item Description Optimal Suboptimal
M1- Viewing Distance o o o o
PC-1 to the Right U=ie 9 =60
All controls on steering
Validation wheel, tablet next to Controls attached to a holder on the right
steering wheel
e Cruise control,
volume, media
buttons on steering Climate control panel at far right of center
wheel stack
Example e Turn signal, wiper Window switches on driver door panel
levers on steering Hazard light button placed far back on
column console
e Horn in steering
wheel center
M- Haptics when reaching,
PC-2 Blind Operation during operation, setting Haptics only when reaching

Validation

Controls on steering
wheel with click and
resistance

Note:
Indicator only

Trigger (no click sound and no resistance)
used as control element on steering wheel

Example

e Rotary volume knob
with detents (feelable
steps)

e Turn signal lever with
audible/tactile click

e Heated seat button
with raised texture
and distinct position

Capacitive buttons with no click feedback
Flat piano-black control strips

Smooth rocker switches with no tactile
differentiation




Item Description Optimal Suboptimal
|:'>V(|31.;3 Glare No glare, matte surface Reflective surface
Flashlight on the radio aimed toward the
Validation No illumination of driver driver, so the driver is illuminated (brightness:
lovell)
=
¢ aﬂoajliglﬁigz:auttons e Chrome-ringed buttons on exposed
center console
dashboard overhang .
Example . Glossy piano-black control surfaces
* Controls in recessed Polished metallic trim directly surroundin
areas shielded from butt y 9
direct sunlight uttons
M1- - Both hands on the One hand on the steering wheel, arm widely
PC-4 reashelliy; steering wheel extended
All controls on steering . .
Validation wheel, tablet next to Holder with control_s _pIaced far to the right so
) that the participant must stretch
steering wheel
e Cruise control,
volume, media
buttons on steering o Rear window defroster button low on
wheel center stack
Example e Turn signal, wiper e Hazard light button recessed far back on

levers on steering
column

e Horn in steering
wheel center

console
¢ Seat adjustment buttons on side of seat
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Item Description Optimal Suboptimal
M1- Viewing Distance 0° — 15° 30° — 45°
PC-5 Downwards
All controls on steering
Validation wheel, tablet next to Control holder positioned downward, on chair
steering wheel
e Steering wheel
controls o Controls at bottom of center stack
Example
e Buttons on upper e Controls on center console
center stack
%l_é Legibility H'g:égorggg::éi';[ ;nCt’ Low-contrast, ambiguous, small
Good labeling, large,
Validation white background, black Light grey labeling, far too small
text
o High-contrast backlit e Small grey symbols on light grey
labels visible day and background (no backlight)
Example night S ¢ Unlabeled multi-function buttons (symbol
e Large, distinct icons only, very small)
for AC, fan speed, e Labels invisible in daylight without
temperature, etc. backlight




Module Il b - Function-Specific HMI Features

Item Description Optimal Suboptimal
|:'>VIC2_:| g:sf;%'nb'gﬁfs Resmtang;;xﬁ el Resistance unfavorable and hard to reach
Validation Controls on the steering Controller and button placed loosely on the
wheel table
e Volume knob with
firm detents (no o Feather-light touch buttons (triggered by
accidental activation) brushing)
Example e Turn signal lever with | e Rocker switch with no tactile
P spring-return differentiation between settings
mechanism e Loose toggle switch with no defined end
e E-call button with position
protective cover
M2- Expectation Fully in line with o
PC-2 Conformity expectations Cller [gesiier
All control elements on Indicator: buttons on steering wheel swapped;
Validation steering wheel Phone: Controller placed flat on the left side
9 next to seerin wheel
e Turn signal on left
:tg:i (}’;ﬁir:n%n drrlg/r:at) e Turn signal as touchscreen button
Example e Volume on left side of | * Gear selector as buttons on dashboard

steering wheel
Gear shift in center
console

e Horn relocated to spoke button instead of
center pad
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Item Description Optimal Suboptimal
M2- Correction of S . . .
PC-3 Operation Errors One action, immediately Multiple actions, slowly
Validation Direct cancellation Cancellation requires multiple steps (press
possible (M2-PC-4) physical cancel button three times)
e Turn signal: simple
push back or tap to e Function requiring multiple back-button
cancel presses to undo
E e Volume: single e Setting change that triggers a
xample . . ) . - .
rotation to previous confirmation dialog before reverting
level e No undo, must scroll back to previous
e AC: single button state manually
press to toggle off
M2- Risk of Operation . . .
PC-4 Errors No safety risk Strong distraction
Feedback becomes very salient — flashscreen
Validation Function works normally (green: max. brightness, red: normal

brightness) & error sound; direct cancellation
possible by pressing physical cancel button

Max Mustermann




Item Description Optimal Suboptimal
e Accidental seat
heating activation: ¢ Accidentally triggering full fan speed
mild thermal effect (sudden loud noise)
Example only e Accidentally activating enterntainment
e Accidentally pressing function (strong visual distraction)
rear wiper button: ¢ Accidentally disabling lane assist (safety
minor visual risk)
distraction
%2_'5 ';;\gggg);fkl Haptic, acoustic, visual Only acoustic or visual
Validation App prcl)cggjdebsaiidltlonal App is muted, no acoustic feedback
e Turn signal:
mechanical click +
ggs”r(lt;%zriﬂolgdlcator T | o Silent capacitive button with only LED
e AC button: click color f:hange. . .
e Function activated with no acoustic or
Example zounq + LED visual confirmation
acklight change + C . .
display update ¢ Only the function |ts_elf provides feedback
« Volume knob: detent (no supplemental signal)
feedback + bar
visualization on
cluster + volume
|:'>V(|32._6 Comprehensibility | Symbols and text distinct Text and/or symbols unclear

Symbols on buttons

Different symbols (ambiguous text, geometric

Validation matchlng thqse in the shapes) on the buttons
instructions
® © 5 X
@)
cz
o &
e Standard symbols for
ﬁgét;adn,stezrpperature, ¢ Brand-specific abstract symbols without
e Clear text labels next text (unrecognizable)
Example to buttons (e.g., “AC”, o Multiple similar-looking icons in close

“‘REAR”)

¢ Distinct icon shapes
for neighboring
controls

proximity
e Symbol meaning only revealed by long-
press tooltip
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TOUCH-BASED HMI

Reference Version:

Experimental setup of the touch-based HMI.

Blinken Telefon

Schnellwahl

* Max Mustermann « Erika Musterfrau « Peter Pan

494

: : Nummer wahlen

, Blinker links Biinker rechts
1| || | Ol

Apple CarPlay Sound Ambiente Fahrzeug

Software of the touch-based HMI: Home screen, indicator, and telephone menu.



Module | — Shared HMI Features

Item Description Optimal Suboptimal
M1- - Every touch input .
TB-1 Input Precision registered Often not registered
Every input is processed Inputs processed with 33% probability only
o Display responds
reliably with bare e Screen unresponsive with cold or dry
Examole fingers, light touch hands
P e Touch registered Display requires firm press (resistive type)
across full display Gloves not recognized
area including edges
M1- Reachabilit One hand on the steering | One hand on the steering wheel, arm widely
TB-2 y wheel, arm not extended extended
Validation Tablet close .to the right Tablet placed farther away
of the steering wheel »
o Display close to o Display positioned more toward
steering wheel, within passenger side
E arm reach without o Wide landscape screen requiring driver to
xample . ;
leaning lean forward and right
o Compact vehicle with | ¢ Large SUV with wide console: display far
short reach to display to the right
Driving-related Always visible; display . .
M1- : Information sometimes covered by
Information Always separate from
TB-3 I touchscreen
Visible touchscreen
Tablet close to the right Tablet placed in front of the monitor so that
Validation of the steerin Whegl the lower right part of the LCT is obstructed
9 speedometer location
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Item Description Optimal Suboptimal
e Speed shown in
dedicated instrument
cluster, independent
. ﬁ'fdguglh;acrzen ¢ Navigation overlay hiding speed
displavin ys ced e Full-screen media player obscuring
Example re F;rd)iesgs 02 vehicle status information
toSchscreen state e Pop-up notification covering speedometer
o Fixed status bar with on combined screen
speed, range, etc.
always at top of
display
'I"VII31-;f Reflection Mat;eb,ssc;t:g:i]gnllght Glossy, anti-reflective coating
Flashlight on the radio so that the lateral light
Validation No illumination of driver cone hits the driver (same as M1-PC-4
condition for physical controls)
o Matte display coating
\;th)t::r;?gg light o High-gloss display acting as a mirror in
o Display looks clean E,L.m“gh;l K di ddi dditional
Example when switched off no | ¢ FPiano-black surrounding adding additiona
mirror effect ’ reflection zone
« Anti-glare surface e Display mounted so that it reflects outside
visibly reducing environment
reflections
M1- Viewing Distance o o o o
TB-5 Downwards U=ie SO —ae
Validation Tablet close to the right Tablet on stand placed far downward where

of the steering wheel

___center console would be




Item Description Optimal Suboptimal
e Display mounted
zfshr;bnoe;:jmp of e Display mounted low in center console
Example « Display at roughly ¢ Display at armrest level requiring strong
instrument cluster head tilt
height
M1- . Strong horizontal and .
TB-6 Tilt vertical tilt No tilt
Validation Tablet tilted toward driver Tabletin line with steering wheel, no tilt
ward driver
o Display angled
Examble joward driver both « Display mounted vertically flush with
P vertically y dashboard (no tilt)
o Adjustable display tilt
M1- Brightness and Optimal, adjustable and Insufficient, adjustable, no automatic
TB-7 Contrast automatic regulation
Tablet at normal
Validation brightness (80% Tablet set quite dark (20% brightness)
brightness)
e Automatic ambient-
g%hjst;&gehr;ctness o Display that is too bright at night and
. HiJ h maximum cannot be dimmed sufficiently
Example brigg b :SS (;‘un”ght_ « Display washed out in direct sunlight with

readable)

e Very low minimum
brightness for night
driving

no way to boost brightness
No auto-brightness: must adjust manually
while driving
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Item Description Optimal Suboptimal
M1- Attentional Interaction principles and
TB-8 Guidance guidance optimal

No communication, guidance distracting

Home screen & function menus: salient
Validation Concise interface distractors (geometric shapes and text;
colorful, low opacity)

<*. ABlinkel.. o° A
N

é :!@5:&9

inker links Blinker rechts
)

Telefon

“Sch’ahl' .
« AMax Mustermann . Erika !uster(rau

NummefiWahlen

2]

Alles lgschen

e Clearly visible button
borders indicating
pressable surfaces

o Highlighted active

Example states showing
current setting

e Breadcrumb
navigation showing
current menu position

¢ Animated backgrounds drawing eyes to
irrelevant areas

e Pop-up notifications appearing during
driving

o Cluttered home screen with many
competing elements of equal salience




Item Description Optimal Suboptimal
_I'_Vg_é Minimalism Al CO”;?):L?SZOH i Contents rather long
Home screen & function menus: non-salient
Validation Concise interface distractors (geometric shapes and text; grey,
high opacity)
Blinken
K
) N ®
:«'%W’(er links Blinker rechts L\‘m
Schnellwahl
a
_ Alles [schen
e Simple icon-based
home menu with one f . o
function per button ¢ Information-dense screens requiring
« Short labels (max. 1- several seconds to read
Example 2 words) for all ménu ¢ Long scrollable text menus without icons
items e Multiple simultaneous functions shown
« Clean layout with with small overlapping text
generous spacing
M1- Viewing Distance e e e e
TB-10 to the Right U=ie 9 =60
Validation Tablet close to the right Tablet on stand placed to the right of the

of the steering wheel

participant, same vertical height
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Item Description Optimal Suboptimal
o Display directly to the
right of steering
. VII\)lihsE:)EI:;y close to o Display positioned at far right of
Example vehicle centerline dashboard . .
« Display within normal e Passenger-side mounted display
right-eye-movement
range
e | View on the Road Clear field of view Peripheral field of view blocked
Tablet close to the riaht Tablet placed in front of the monitor so that
Validation of the steerin whegl the lower right part of the LCT is obstructed —
9 even more than M1-TB-5
e Display mounted on top of dashboard
Example o Display positioned crossing the sightline
below window line o Wide landscape display partially blocking
lower windshield view
T,\élj{z Deactivation Yes, can be switched off Standby interface
Validation .
No operation:
Note: corresponds to a trial Tablet placed next to participant showing
No funct'ion without tablet — baseline home screen (no operation)
operation measurement used
o Display with a
. S'gg';ff ggﬂ:?t:j 7[0“ e Always-on display that cannot be
) ,, switched off or dimmed fully
Example Drive Mode” turns off .
screen completely . Dl_splay locked to home screen as
« Display can be minimum state
dimmed to near-black




Item Description Optimal Suboptimal
M- Blocking of
TB-13 Distracting Dynamic/moving content No blocking
Functions
Corresponds to a drive
Validation without tablet — baseline Video playing on the tablet (without sound)
measurement used
Note:
No function
operation
e Keyboard
alﬁ]tgr:n\?é'ﬁiaclllg irldden e Streaming video accessible while driving
Example moving e Full keyboard available at any speed
¢ Scrolling social media feed accessible on

¢ Video playback
blocked for driver

while driving

center display while driving
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Module Il b — Function-Specific HMI Features

Item Description Optimal Suboptimal
M2- Susceptibility to Operation logic and . .
TB-1 Operation Errors buttons good Operation logic and buttons unfavorable

Buttons smaller and unusually arranged
Validation Buttons optimal (indicator: not on one level and swapped:;

phone: number pad smaller and upside down)

Blinken

Telefon

Schnellwahl

e Large, well-spaced
buttons for media

controls e Very small arrow buttons for media
e Clear hierarchical controls
menu structure ¢ Identical-looking buttons for different
Example . . ) S
(functions grouped functions in close proximity
logically) e Swipe gesture required for a simple on/off
e Sliders with sufficient toggle

height for imprecise
touch




Item Description Optimal Suboptimal
M2- Expectation Contents and operation Strona deviation from conventions
TB-2 Conformity logic follow conventions 9
Operation loaic as with Unusual controls & symbols: indicator: slider
Validation P other s gtems and circles instead of arrows; phone: 4x3
Y instead of 3x4 dial pad
Blinken
Blinker links Blinker rechts
Blinker-Steuerung
Telefon
Schnellwahl
Nummer wahlen
Volume slider moves
left—right as expected
Temperature Swipe gesture replaces tap for simple
controlled with plus on/off action
Example and minus elements Temperature slider runs bottom-to-top
Standard (inverted expectation)
play/pause/skip icons Brand-specific icons for common functions
matching physical
controls
.II.\gz_é s oélsoﬁzratlon No safety risk Strong distraction
Feedback very salient — flashscreen (green:
Validation No distraction max. brightness, red: normal) & error sound;

cancellation possible (same as M2-PC-4 for

physical controls)
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indefinitely
Number pad stays
active waiting for
driver input

Item Description Optimal Suboptimal
¢ ﬁcc![?neqtz:i:]apr onseat | Accidentally triggering full-volume media
theearmgl.effe::)t onl (sudden loud noise)
. y ¢ Accidentally initiating video playback (full-
Example e Accidentally pressing screen takeover)
rg]ng?S;gaﬁgy ¢ Accidentally disabling driver assistance
distraction (safety risk)
M2- Correction of S . . .
TB-4 Operation Errors One action, immediately Multiple actions, slowly
. . Cancellation requires multiple steps (press
Validation Direct g:gi%?‘lelatmn cancellation button three times)
P (same as M2-PC-3 for haptic)
e Persistent
OL;n:\;)éCa:;ile:utton o Navigation requiring multiple taps to
e Back bLytton cancel an active route
Examole immediatelv undoes ¢ No undo function: must re-navigate
P last action y through menu to find original setting
e Home button alwavs e Cancel button only appears after
; vay completing all steps
accessible to exit any
function
_II_VéZ_;_, Interaction Speed Waits indefinitely Waits briefly, returns, gives instructions
Validation Function waits indefinitely | Number entry reset after 3s (after last input)
during number entry and must be re-entered completely
Telefon
Schnellwahl
Note:
Phone only
o Phone dialer keeps
en_tered nu_mber unt o Phone dialer clears entered number after
driver confirms call 5's of inactivity
* Navigation search o Navigation search auto-cancels after brief
Example keeps query open

pause
e Timeout resets entire multi-step process
without warning




Item Description Optimal Suboptimal
M2- Additional On, off, adjust, error — Visual feedback onl
TB-6 Feedback acoustic and visual y
Validation Additional feedback Tablet muted
present
e Click sound + button
highlight on every tap
e Confirmation tone + e Silent touch interface: only color change
visual state change of button, no sound
Example for each operation e No fee_dback when.end of a list or
step unavailable option is reached
e Error tone + red ¢ Visual-only feedback (inaudible when
highlight when music is playing)
blocked option is
selected
M2- . Contents large and high-
TB-7 Legibility contrast Contents too small/large, low-contrast
Validation Contents large and high- Icons & texts: light grey (low contrast) and
contrast very small
Validation
e Large text and icons
on dark background . .
: o Light grey text on white background
e White text on dark f . .
blue/black e Very small sub-function labels in complex
Example menus
background

High-contrast
active/inactive states
for buttons

Low-contrast icons requiring close visual
inspection
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button for direct call
without navigating
Pinned navigation
destination accessible
in one tap

Item Description Optimal Suboptimal
M2- In-process . . .
TB-8 Abortion Possible at any point Only at some points and only cumbersome
Entered number can be Number with min. 11 digits must be entered
Validation artially or fully deleted before other buttons (start call, delete one
P y y digit or all digits) can be used
Telefon
Schnellwahl
Note:
Phone only
Cancel button (X)
alwa_ys V'S'.ble during Minimum number of digits must be
multi-step input 2
entered before canceling is allowed
Home button always
X . Full address must be entered before the
Example accessible, exits any
. ) process can be aborted
process immediately « » . .
Back” must be pressed multiple times to
Back button cancels -
S exit nested menus
partial input at any
stage
.Il.véz_é Shortcut Executable in one step No shortcuts
Validation Call Max via shortcut Enter full number
9
Telefon
Schnellwahl
Note:
BonUS |tem 123456789
Phone only
&
Customizable home
screen tile - direct
one-tap access to .
. several menu levels required to reach a
function .
Favorite contact frequently used function
Example No home screen customization possible

Every use requires going through full
menu hierarchy
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SPEECH-BASED HMI

Reference Version:

%% (o)

Thagry .,

©

@

<

Experimental setup of the speech-based HMI.

Blinker

G D

Binker nks Binkerrechis - Binker nks Binkerrechis

Verfiigbare Befehle

Software of the speech-based HMI: Tutorial after startup, standby mode, and listening mode.
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Module | — Shared HMI Features

Item Description Optimal Suboptimal
Deactivation
M1- Option & ds:;s::é%?:e% |||-|bl\£ék Speech-based HMI not deactivatable,
SB-1 Alternative e incorrect fallback (decision tree)
! . correct (decision tree)
Operation Option
Validation .
.Corre‘ct fallback: Speech operation only — reference version
. Indicator: phys. controls
Note: Correct . measurement used
Phone: touch-based HMI
Fallback tested
e Key phrase (“Hey
XYZ”) can be
dlsablgd n se.ttmgs o Always-listening assistant with no option
e Full voice assistant :
Example deactivatable; all to deactivate
P : ¢ Voice-only navigation input, no touch
complex functions alternative
remain on
touchscreen, simple
functions on buttons
Quality of the .
il Speech =Ly voice et Prone to dialects and background noise
SB-2 o recognized
Recognition
Validation Functions reliably Command processing disrupted; in 70% of
controllable cases a different command is processed
e Modern natural
L?:Sgeu dagesri')é?:essmg- o Older keyword-recognition systems
e Works vblith open requiring exact phrasing
E . P e System fails when radio or passenger
xample windows, radio on, or S .
assenaer talkin voice is audible
. U S o |+ System only reliable for driver with
9 standard accent in quiet cabin
accents and casual
phrasing
M1- Hands-free Initial activation via key Push-to-talk button before each input on the
SB-3 phrase steering wheel
R o » No “Hey Otto” — press Enter button (on
Validati Act|vat|.0n via "Hey _Otto steering wheel) each time, then give
alidation possible, then voice command; speech-based HMI does not
command nd, sp
remain active after command ends




Item Description Optimal Suboptimal
Single key phrase
activates voice
izilvset:?;;tfigrnentlre e No perzisten': Iti_stening; button must be re-
" o pressed each time
Example fltir?ge)r(\gitt; B(r)esses . Push?to-talk bu_tton not on steering wheel
Stays in listening (requires reaching)
mode across multiple
commands
M1- Robustness of Key phrase and button Too sensitive to noise and inputs
SB-4 Activation not too sensitive
Activation via “Hey Otto” Randomized transition from “Hey Otto” to
Validation reliable listening status — timer between 5 and 10
seconds
Key phrase
sufficiently distinct
from common e Key phrase close to everyday words
conversation words (accidental activation in conversations)
Example System ignores e System activates when passenger uses
passengers and similar phrase
radio/podcast content | e Radio host or podcast accidentally
Push-to-talk button triggers assistant
recessed / not easily
pressed accidentally
M1- UEElony g Perfectly natural
SB-5 Quality of Voice language Rather artificial language
Output
Validation Voice “Viktor” Voice “Anna”
Neural text-to-speech | e Monotone, robotic voice from older
with natural intonation systems (choppy cadence) reducing
Example Voice clearly comprehension

distinguishable from
ambient noise

Unnatural stress patterns making
instructions hard to follow
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Item Description Optimal Suboptimal
M1- Feedback SC%?;ZZ erjlt(;)l\jfs\ﬁgr Speech output only, no chimes or visual
SB-6 Dimensions feedback feedback
Speech only — no notification chimes & no
Validation Speech. chimes. visual visual overlay (feedback dimensions refer
P ’ ’ only to speech-base HMI, not to the functions
itself)
e Activation chime +
?npsct):(jrgerﬁfglc:;?:: e Voice response only, no visual indicator of
overla listening state
Example . Listeni¥19 state ¢ No signal whether command was
indicator on display + understogd or failed . L .
tone when ready . Only_ audio feedback (inaudible if music is
e Confirmation sound + playing)
brief text on HUD
M1- Volume a rlgeIié::g V:cljgurzteable Default volume too loud/quiet, adjustable, no
SB-7 PP pauto;nat{c ’ automatic
Validation Vqurroeugrzggiﬁ)glately Volume set very low (10%)
0
¢ Automatic volume
increase at highway
speeds e Assistant barely audible with windows
¢ Music ducked down at speed
Example automatically when ¢ No adaptation to background noise level
assistant speaks ¢ Volume not separately adjustable from
e Volume adjustable via media volume
voice command
(“speak louder”)




Module Il b — Shared HMI Features

Item Description Optimal Suboptimal
iz Fallback Correct_a.ccordlng o Incorrect according to decision tree
SB-1 decision tree
Validation Indicator: phys. controls
. Incorrect fallback:
_ Phone: touch-based HMI Indicator: touch-based HMI
Note: Incorrect (already measured with Phone: physical controls
Fallback tested M1-SB-1) -phy
* All complex voice- ¢ Voice-only phone dialing with no touch
controlled functions alternative
Example R gli?r(\) Tg ;S:c(:t?;:sr,e;go o Navigation input only possible via voice
avaiFI)abIe via physical o Fallback uses wrong HMI type (e.g., turn
controls signal via touchscreen)
M2- Correction of On.e command, Bl Multiple commands, wait for assistant, no
; immediately, verbal
SB-2 Operation Errors feedback
feedback
Direct cancellation via Multiple-step cancellation (press button 3x) or
Validation elongated dialogue (same as M2-PC-3 / M2-
button and speech TB-4)
e “Cancel!” barge-in
mg:z%t; ﬁzzlstant e Must wait for assistant to finish speaking
« Cancellation before canceling
Example confirmed verbally . Eeggérgs repeating “Cancel” three times
( Qkay, cancelled’) o No verbal confirmation that cancellation
e Single command was accepted
sufficient to abort any P
action
Lz Susceptlblllty g FUREHEn (e Unreliable, other functions are activated
SB-3 Operation Errors operable

Function reliably

Randomization of subfunction activation

Validation (indicator or phone); in 70% of cases a
controllable - L .
different subfunction is activated
e “Play Playlist XYZ"

always activates

me_dla playback e “Radio” misrecognized as “Call Mario”

reliably L . . .
Example e Similar-sounding function names causing

e Ambiguous
commands prompt
clarification rather
than wrong action

frequent wrong activations
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selected — easily
corrected, no
distraction

Item Description Optimal Suboptimal
M2- Shorteut Own ideal command Long predefined command, voice control
SB-4 possible gives hints
Validation
Direct function activation
Note: without keyword “Hey Elongated function operation with keyword
Non-shortcut Otto” and by skipping and extra operation steps
tested for indicator, steps
shortcut for phone
e “Drive home” starts
gﬁ\ég?tlon home e Must say full phrase: “Hey XYZ,
. y - Navigation, Drive to home address,
. CaII_M_ax W|tho_ut Confirm”
Example s;::f(i:;fymg function o No custom shortcut creation possible
R [)Jser-defined voice e Every use requires full menu dialog
regardless of frequency
shortcuts configurable
in settings
sl\fgz.;', REE oér?op:eszratlon No safety risk Strong distraction
Feedback very salient — flashscreen (green:
Validation Function works normally max. brightness, red: normal) & error sound;
direct cancellation via touch button possible
(same as M2-PC-4 / M2-TB-3)
e Accidentally activating . s .
seat heating — mild . ,;-\gr%lcejﬁq;aklgolcét:?tlng video playback (full-
E thermal effe.ct only e \Wrong call initiated — full-screen
xample o Wrong media track

outgoing call overlay appears

e Accidentally disabling lane-keeping assist

(safety-critical)




Item Description Optimal Suboptimal
M2- Additional Speech, chimes, visual if s h too | isual too |
SB-6 Feedback multi-step peech 1oo long, visual too long
No notification chimes, only speech & visual
e . feedback (feedback overlay) — unnecessarily
Validation Additional feedback long due to filler phrase “command has been
processed”
“ ” . o  “Your request to activate seat heating has
¢ S%Oar:f di; C;gm;ﬁ d-'i-cator been successfully processed” (too long)
Example « “Heating %n'}l+ o System reads full navigation instructions
checkmark on cluster before allowing input
displa e Long visual overlay persisting on screen
play for 10+ seconds
M2- Diverse Many common .
SB-7 Commands expressions recognized Ol bewere FiuE Elys 02 indleze
Variety of commands Keyword must always be included: turn signal
Validation y ossible commands must start with “Turn signal —...”;
P telephone commands with “Telephone —...”
e “I'mcold” — seat e “I'm cold” not understood; only “Seat
Exambple heating on heating on” works
P e “warmer please” — o Every command requires a exact
temperature up predefined keyword
slvllgz_é I'Xﬁﬁgﬁs At every point At some points, only cumbersome
Validation Call setup can be
Note: cancelled during process No cancellation possible
: — via touch & speech
Phone only
e “Cancel”’ works at any
Sglri]rt]dl“gi':lg phone e Full phone number must be spoken
Example . Sta rtigg a ne?w before process can be aborted

function automatically
cancels the current
one

e System continues dialing even after
“Stop” is said
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Item Description Optimal Suboptimal
SMBZ_-g Interaction Speed Waits indefinitely Waits briefly, gives instruction, cancels

Listening status after

Listening window after “Hey Otto” activation

Validation “Hey Otto” indefinitely .
long only 3 seconds, then timeout
Note:

Phone only
Phone dialing keeps
number entry open
|ndef|n|tely unti Listening window closes after 3 s with no
confirmed g
Navigation keeps explangtlon .

Example destination query Quick timeout + error sound without retry

active until driver
confirms

System explicitly
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