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[Abstract]

This research proposes a framework that recognizes user context and provides stage-optimized multimodal interactions to
enhance user experiences in autonomous vehicles. The proposed framework classifies user roles according to the stage of
autonomous driving and provides customized feedback by monitoring the user status and surrounding environment in real-time via
a context-aware engine. We utilized the Delphi technique to validate the framework. First, we reviewed the structure and
components of the framework to identify key improvements. Second, we conducted an in-depth analysis of the suitability of the
modified framework. The evaluation results showed high validity in terms of user-customized feedback design, contextual
importance-based feedback provision, system stability, and long-term learning potential. This research is expected to contribute to
the design of user-centered multimodal interactions in autonomous vehicles and the construction of systems to provide optimized

user experiences.
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Table 1. Level definition for autonomous system
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Table 2. Components of context-aware system

Level Definition

Components Features Definition

Level 0 | [No Automation] Driver involved in all operations

[Driver Assistance] Involved to the extent that the
Level 1 |system assists the driver, such as maintaining speed
and following distance, staying in lane, etc.

Monitor driver alertness, fatigue, stress levels,

Recognize user and more to provide feedback tailored to their

[Partial Automation] Partially self—driving for a period of
Level 2 |time in certain situations, but requires driver intervention
when necessary

state current state of being
External Recognize road conditions, weather, traffic, and
environment more outside the vehicle to proactively detect
awareness potential hazards while driving

[Conditional Automation] Capable of self-driving in
Level 3 |conditions such as on highways, but requires driver
requires driver intervention

Data Processing | Analyze data collected in real time and tailor
and Feedback | feedback to the current situation

[High Automation] Capable of self-driving on most

Level 4| 1oads except limited roads

[Full Automation] Fully self-driving when the occupant

Level 5 only needs to enter a destination
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Table 3. Components of multimodal interaction

Components

Features Definition

Input Modality

Modalities for inputting user intent in a variety of
ways, including voice commands, gestures,
touchscreens, eye tracking, etc.

Processing
engine

Responsible for interpreting the input data and
generating appropriate responses based on user
intent. This includes speech recognition engines,
gesture recognition systems, etc.

Output Modality

The way the system provides feedback to the
user, such as visual displays, audio prompts, or
haptic feedback.

19 2alE](Input Modality)& &4 W&, A3, €3
233, A 74 5 0% B oR A nE Y
= ZaEolth. Az A% (Processing engine) =¥
dlelElE a4 ska, AHEA} ool uje} Zﬂ.%—i?& kS-S A
oy mpwter &8 2dE]E(Output
Modality) = Al2=8lo] ARl A] =g A 1 Tk WAL
2 A7 aZiol, _9‘313 4%5 85 v, g o)

dhe AP

=l 2o 3tE

pasy | ‘_q—[IO] O]Ei?—i]— -?-/\‘]‘g_/\.% H]'a'_(li
e o, @El‘j” 2l Ei?ii/}jg Aea) Ao T Ao

SHhgkeb o2 &

o7 AlEst

& o I T
do i
O
J

N &
R
o
N

o2

N
i

T BV AT e e 1= Lo

r
& o
~N
)
au
o,
Fll‘
_>\4_

gelelE x@stel AHgA BES A

X
BN
i)
ol
ol
_&
M
oH
ol
o,
fr 4
s,
2
ERCIN
o
_“.i
S
=
ofo
tlo
=)
b
i

e Ao el e
R P
= 42T AR A ) AR

[RoANAY
o
_1>J
W
-9,
é”.:
L.
N
ACL
N
Y
g

E 4. x|,§_'_ Si 7(|,Et |_|.| EHE_lEI:I— o|E+EHA=1o| HC’ 01[
Table 4. Application examples of multimodal interactions in
autonomous vechicles

Components Features Definition
) Reduce distractions by enabling voice—activated
Voice ) ) L
functions such as setting destinations and
Commands

changing driving modes

Eye Tracking

Recognizing when a user is looking at a specific
menu or button and performing the desired
action

Allows hand gestures to control the system,

Gesture : L2 X . . .
" helping to minimize physical manipulation while
Recognition -
driving
Haptic Enhance safety by providing driving information
Feedback or warnings without distracting the driver
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Table 5. Categorization of multimodal interaction systems by user role according to autonomous driving

level

o Accessible Systems Organizing of Multimodal Interaction
Level Definition = : : = Feedback
Driver Rider Driver Rider
Partially self-driving for a —Driving Control -Sound Feedback
period of time under certain | systems o (Warning Sound)
Level 2 | circumstances, but with -Warning & ) _\S/qcel contrtol —Haptic Feedback
driver intervention is monitoring ~Entertainment IMpIe GesIUres | _ | imited Visual
required systems systems ) Feedback
—Information -Voice control
—Driving Control Delivery —-Simple gestures
t _ .
Capable of autonomous _\S/\i;sir:s g systems Eve tracking
Level 3 driving in conditions such monito?in —Environmental ~Sound Feedback
as highways, but requires g control systems ~Haptic Feedback
driver intervention systems
—Simple control
interface .
—-Voice control
-Warning & ~Entertainment ~Touch operation
Capable of self-driving on monitoring systems —Gestures
Level 4 | most roads except limited systems ~Information ) —Eye tracking
roads -Simple control | Delivery ~Voice control
interface systems —-Touch operation -Visual Feedback
—Environmental | —Gestures -Sound Feedback
Fully self-driving once the ) control systems | ~Eye tracking
Full vehicle —Emergenc
Level 5 | occupant enters a control svstem gency
destination y contact
systems
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« User behavior learning: learn about your preferred interaction methods to optimize your system
« Context-based learning: learns about frequently encountered road conditions, weather conditions, etc.

Layer 5

to automatically appropriate responses
« Adaptive feedback: minimize user fatigue by favoring certain types of feedback and reducing unnecessary feedback

« Improves safety and efficiency: minimizes errors through user feedback to the system

Select and provide feedback types based on processing results from Layer 1 through Layer 3
Layer 4

User Feedback
Feedback and User-: em ... Sound Feedback ‘ Visual Feedback ‘ ‘ Haptic Feedback ‘
Interaction
Voice and Beep Sound(Warning Sound)
Layer3 Vehicle's
" Driving mode
Processing [Setup Context based|
E 2 Iam%u;yﬁ;h"d integragian | ..... User commands input method
User status
User

Context: engine pl
Layer 2 Step 1 Step 2 Step 3 Step 4
Context awareness Context Modelin

..... g and H isk D i D o

and analytics categorizing forecasting Risk !

Collect and Pre-process Data on Driver behavior, Emotional state, and Vehicle surrounding
Layer1

IDRutUsenEommaN Data Collection and Sensors outside

System Context

Preprocessing

In-vehicle sensors

« raw data filtering
« Denoising

the vehicle

Collect user behavior

O3 1. XEFY S mE TEIRY olEBM AlAY XE ER
Fig. 1. Categorization of multimodal interaction systems by user role according to autonomous driving level
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Collect context
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Recruitment of
Expert Panel

Primary Expert Evaluation

’ Research Question Definition ‘

l Secondary Expert Evaluation

and gather additional opinions

l |

Integrate opinion from Experts ‘

‘ Collect opinion from Experts ‘ '{ Share the revise Framework ‘

Decision
Consistency
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Table 7. Primary expert evaluation metrics - Adaptive
multimodal interaction framework

C. Multiple Choice Evaluation

C-1 | Situation Classification and Awareness
’ et sotirionat opifoe o™ } ’ Final Consensus ‘ C-2 | Logic of User State Recognition
98 2. M2It ®ot o C—-3 | Logical Consistency of input method integration
Fig. 2. Process of experts evaluation C—-4 | Consistency of Interactions between Features
C-5 | Differentiation of Interaction by Level
4-2 12 271 T}t C—6 | Feedback structural Validity
C-7 | Clarity of Information presentation
1) FNAR == C—-8 | Structural Flexibility and Learnability
ﬁﬂ7}oﬂ 0_1—14 ﬁgﬂ 43_,] xﬂy;]]xq 0] AZL %‘H 7} = C-9 | Extensibility
R REACL o1F 918} AeFY Age) Wejwed Qy) _C-10| System Safety
;:‘u,}i }\‘I)\E—\] ;\.174]9}_ /\]_%;q_ 7-/\]/] 0“513”9_ "—374101] ‘:Hisl' /‘gj C—-11 | Efficiency of Data management and processing
8 A171[19],[20]L nlEro 2 7} 7)%2S s}, H7 C—-12 | User Trustfulness
S EUﬂ % 7]—%] %_.i L}Toﬁ/\i X‘Iag_o_‘l_oj]—:l_. 3& HJRH %7]_ C—-13 | Consideration of Variety Users
2 A8FY @Al ohe PEwe Ejee Aaw g ] Peclaly
Ao wWrlslda, T oA Wyl 4o HE v ol D. Desciptive Subjective Evalu§tion
WA sgjeleTe] TxA A W ARAS Az} 3_12 E;Jnceptual understanding of the Framework
3w 7ke] ok A obel 5 63 Ak a0y o Somponens
D-8 | Extensibility
E 6. 1% H2I} B2} X|E - ABFY Plol ©E Yelog o racealy
OlE{2M A|AEI B2 D-5 | A Method for the enhancement of Framework
Table 6. Primary expert evaluation metrics - A
classification of multimodal interaction systems 283 "y R Iy A Ty a7} 2)= 2SS
based on autonomous driving level o] 724 A3 B A4S AR FHE Ttk
A. Multiple Choice Evaluation Hrl o rxA A9 W =gAd, vealo] gyl 9
A-1 | Suitability for each Level uggl/ng, Goig =2 751%‘3, A28 oA A ok A A}
A-2 | Change in Multimodal Interactions by Level FA o7 AL} ZF Hr) RS 5538 xpeF U] A&
A-3 | Suitability of Feedback by Level B A7) =24 AAET AILS Frksl] Y A4
A-4 | Differentiation of User Experience by Level gon olE EJ Ly Ao GRS oz} st
B. Desciptive Subjective Evaluation Zypa grks Zyele o] Ada olae, A 840 3
B-1 | Suitability of Interaction methods by Level A3 3 s, A8 A skl oiek ARk AA
B2 @yl\/tzt\tsd for the enhancement of Feedback Delivery A o)7L 22251 HpAl o 2 o] o)At}
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W3l oA w=wle] AFA. ALexl AEe] T 2EA (CVR: Content Validity Ratio)& &-8ato] 7} 3ol o
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User . Multimodal o ¢ i 4 ABC
Level Role Accessible Systems interaction Functional constraints and conditions Provide Feedback
) « Driving Control Systems . Voice Control  * Limite Gesture - Visual: Display of key status and warning messages
Driver . Warning & monitoring Systems . Eye Tracking « Prevent distraction of the Driver « Auditory: Limited chimes and voice alerts in emergencies
Level 2 - Emergency contact Systems - Safety Interaction « Haptic: Warnings when you drift out of your lane
evel
+ Entertainment Systems . Voice Control Focus on Entertainment and Assistive
Rider ° Eformatlon Delivery Systems - Eye Tracking Systems ) - Visual: Provide status information
- Environmental control Systems . Simple Gesture Do not distract the Driver when accessing - Auditory: Provide limited notifications
- Emergency contact Systems imple Gesture systems
« Driving Control Systems . : - Visual: Display warning and transition status notifications
: . S « Voice Control - Be ready to switch control when needed N o
Driver . . - N N . .
Warning & monitoring Systems Eye Tracking - Provide alerts with multiple feedback Audltory. ngpsland urgent' notlflqatlons - .
+ Emergency contact Systems « Haptic: Notifications when immediate action is required
Level 3
« Entertainment Systems Voice Control
Rider « Information Delivery Systems EOIC$ Ol?'r:o - No entertainment usage restrictions - Visual: Provides destination and status information
« Environmental control Systems S%/newplga(cselsﬁjre - Restrict system use during emergencies - Auditory: Provides limited announcement
+ Emergency contact Systems )
+ Driving Control Systems + Voice Control P : N N ; O :
Dri X . I . . - Preparing for Driver Emergency Actions . Vlsu_al. Display alerts in case of emergency
river Warning & monitoring Systems Eye Tracking « Design around occupant engagement « Auditory: Provide warning and limited announcements
« Emergency contact Systems - Gesture
Level 4 .
- Entertainment Systems Voice Control
Rider ° Information Delivery Systems . EO:EC%ag;":O - Minimize system usage - Visual: Provides status information
« Environmental control Systems X Gzzsture 9 restrictions during emergencies « Auditory: Provide announcements, if needed
- Emergency contact Systems
. « Visual: Provide requested information
Driver Free access to all Systems Voice Control « Auditory: Provide requested notification
Level 5 - Eye Tracking - No limitation
Rider « Except for Driving Control + Gesture « Visual: Provide contextual and destination information

Systems Free access to
Systems

- Auditory: Provide immersive voice guidance

A Categorize feedback types by situational importance
Provide contextual feedback throughout the autonomous driving phase in
the event of an emergency, after determining the criticality of the situation.

B Segment feedback intensity based on user characteristics and context
- Adjust feedback intensity after collecting Initial Data
- Adjust feedback intensity based on severity of Driving Situation

© Define feedback categorization

Shustion Feadbacic Strangth and Fraquency Adjust feedback type and intensity to attract user attention/call to action/inform categorisation

w:r:ring Visual Simple message In Display « Feedback Type « Feedback Intensity

Norm'al . R Non-.repealing'voice nqliﬁcations Visual Screen transitions, flashing warnings, etc. Weak Soft notifications (weak haptic, simple visual indication)

Warning = Provide status Informationion screen Auditory  Warning Sound, Voice notifications Normal  Clear warnings (haptic, voice prompts)

e oo A Kbk Waptic  Haptics onthe steerng wneel/seat swong  Emergencynotfcatons
O8 3. A3 Chlof w2 HE|[ZE QI A|AR XM 27 (FiMeh
Fig. 3. Categorization of multimodal interaction systems by user role according to autonomous driving level (improvement

ver)
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« 5-1) Learn user behavior : Learn user behavior patterns and preferences based on user response data and data delivered from Layer 4

Layer 5
+ 5-2) Update Context model : Re-train and improve context-aware models with the latest data
+ 5-3) Evaluation and optimize performance : Validate and optimize model performance before pushing learning to other layers
Select and provide feedback types based on processing results from Layer 1 through Layer 3
41 a2 a3
Layer 4 ‘ | — -
User Feedback i Adjust Collecting
ser Feedbacl r&edbad( and User-System evaluation | intensity user responses
Interaction Choosing the type of feedback for Adjust intensity based on After preprocessing user response
each context user state and external risk data Forwarding to Layer 5
(visual, auditory, haptic)
Classify and validate user-input signals
Layer 3 31 3-2 3-3
Input Method integratiorn . .. ... v d'""”‘ | '“‘egrf;e L"P“‘ H Input validation
and setup methods ‘ ‘ methods
User Categorize input signals, such as Combine multiple input signals to Validate reliability
voice, eye tracking, gesture, touch etc. interpret user commands (removes invalid data)
Context- engine pi
21 22 23
Zever 2 \ | [ | [ |
Contiext awareness ‘ Context ciassification ‘ w Contextuai iyt [ w Predicting Status ‘ s
and analytics
User state and External context Combine in-vehicle and out-of-vehicle Determine the likelihood of risk
data for situational awareness based on predictive models
Collect and Pre-process Data on Driver behavior, Emotional state, and Vehicle surrounding
Layer 1 il 12 13
Uiputlissr Comands Data Collectionand _— . ... Collect User Data Collect ext:g\a{l H Data Preprocessing H Data validation
System Context Preprocessing environment Data

Collect user state data

OB 4. MSE e QEN DT (Heh

Collecting data from the
vehicle's external environment

Denoising and Data
cleaning

Check the quality and reliability
of user data in real time

Fig. 4. Adpative multimodal interaction framework (improvement ver)
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Learning point

i | Model update

« The user responds most quickly to voice feedback during

« Increased prioritization of audio feedback in

fatigue. 1 critical situations
Layer 5 in similar si decrease the i« Increased duration of visual feedback when
of haptic and i the fatigue is detected

of voice feedback.

Provide feedback

Layer 4

Feedback and User-! em
Interaction

User Feedback

« Voice feedback: “The vehicle in front of you is intervening. Prepare to Take Over."”
« Haptic feedback: Steering wheel vibrates strongly to get your attention
« Visual feedback: "Need to Take Over” warning on the HUD

Driver current input

| {  Resur

Layer 3

Input Method integration
and setup /w-

inactivity

« No touch input, no voice input
« Check for “distraction” with gaze data and steering wheel

« Deciding to prioritize Auditory and Haptic
feedback
« Set Visual feedback to a secondary role

Contextual analysis ‘\ { Result

Layer 2

Context awareness
and analytics

« Internal conditions: Driver fatigue and distraction
« External condition: Dangerous motorway situation,
such as a vehicle suddenly cutting in front

« Risk: High
« Feedback: Emergency control transition request

Collect Data

[ ’ll Result

Layer1
Data Collection and
Preprocessing

Input User Commands

System Context arareness

J8 5. ARBAE AlLIZ|R
Fig. 5. Application user scenario example
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« Internal data: Driver's gaze position (not looking
forward), vital signs (decreased heart rate - fatigue),
no steering wheel manipulation

« External data: A vehicle within 30 meters ahead is
abruptly changing lanes

« Partial lack of driver's vital sign data >
Complementary analysis of fatigue status with
gaze data and steering wheel operation data

« Detection of “driver distraction” and “front
vehicle” contexts
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Table 9. Secondary expert evaluation metrics - Adaptive
multimodal interaction framework
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C. Multiple Choice Evaluation

# 8. éﬁ;ggjilzé} _;_l_%f - AEFY Tl tE 2ERE C—1 | Situation Classification and Awareness
Table 8. Secondary expert evaluation metrics - A C-2 | Logic of User State Recognition
classification of multimodal interaction systems C-3 | Logical Consistency of input method integration
based on autonomous driving level C-4 | Consistency of Interactions between Features
A. Multiple Choice Evaluation C-5 | Differentiation of Interaction by Level
A-1 | Suitability for each Level C-6 | Feedback structural Validity
A-4 | Differentiation of User Experience by Level C-7 | Clarity of Information presentation
B. Desciptive Subjective Evaluation C-8 | Structural Flexibility and Learnability
B-1 | Improvement Status C-12 | User Trustfulness
B-2 | Components for further improvement C—-13 | Consideration of Variety Users
C—-14 | Practicality
T WA Friel AEy HE|EYE QAEFH Tyl D. Desciptive Subjective Evaluation
gk Jr= iﬂﬂ%]—"rq_;/_«] T4 B 2 HAedS HE D-1 |Improvement Status
7] Q3 Ao g, ¥ 83 7t} 12} AEV} Hrp A9E ule D-2 | Components for further improvement
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