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Figure 1: To evaluate the responses of pedestrians when facing diferent eHMI cars, we developed a virtual scenario of a 
pedestrian interacting with a self-driving automobile at an uncontrolled intersection. 
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ABSTRACT 
Interacting with pedestrians understandably and efciently is one 
of the toughest challenges faced by autonomous vehicles (AVs) 
due to the limitations of current algorithms and external human-
machine interfaces (eHMIs). In this paper, we design eHMIs based 
on gestures inspired by the most popular method of interaction 
between pedestrians and human drivers. Eight common gestures 
were selected to convey AVs’ yielding or non-yielding intentions at 
uncontrolled crosswalks from previous literature. Through a VR 
experiment (N1 = 31) and a following online survey (N2 = 394), we 
discovered signifcant diferences in the usability of gesture-based 
eHMIs compared to current eHMIs. Good gesture-based eHMIs 
increase the efciency of pedestrian-AV interaction while ensuring 
safety. Poor gestures, however, cause misinterpretation. The under-
lying reasons were explored: ambiguity regarding the recipient of 
the signal and whether the gestures are precise, polite, and familiar 
to pedestrians. Based on this empirical evidence, we discuss poten-
tial opportunities and provide valuable insights into developing 
comprehensible gesture-based eHMIs in the future to support better 
interaction between AVs and other road users. 

CCS CONCEPTS 
• Human-centered computing → Empirical studies in HCI. 

KEYWORDS 
Autonomous Vehicles and Pedestrian Interaction; Gesture-based 
Interaction; Autonomous Driving; eHMI 

ACM Reference Format: 
Xiang Chang, Zihe Chen, Xiaoyan Dong, Yuxin Cai, Tingmin Yan, Haolin Cai, 
Zherui Zhou, Guyue Zhou, and Jiangtao Gong. 2024. “It Must Be Gesturing 
Towards Me": Gesture-Based Interaction between Autonomous Vehicles 
and Pedestrians. In Proceedings of the CHI Conference on Human Factors in 
Computing Systems (CHI ’24), May 11–16, 2024, Honolulu, HI, USA. ACM, 
New York, NY, USA, 25 pages. https://doi.org/10.1145/3613904.3642029 

1 INTRODUCTION 
With the development of autonomous vehicles (AVs), having the 
ability to efectively communicate and interact with other road 
users in trafc is challenging for AVs [8]. In a scenario where an 
AV comes across a pedestrian who intends to cross the road at an 
uncontrolled crossing, the determination of priority is not clearly 
defned. Due to safety and regulatory considerations, pedestrians 
are typically regarded as obstacles in the majority of today’s AV 
systems, prompting cars to stop when encountering them. Con-
sequently, pedestrians may exploit this characteristic of AVs and 
gain an advantage over them in all interactions, including inten-
tionally placing themselves in front of AV to impede their forward 
motion [10]. Circumstances that pedestrians hinder the AVs from 
making any signifcant advancements were commonly referred to 
as the "Frozen Robot Problem" [65]. The widespread occurrence of 
this situation will cause severe trafc chaos. 

In such a scenario, AVs must possess the capability of not yielding 
to pedestrians and other participants in road trafc [46]. Consider-
ing the safety of pedestrians, pedestrians need to obtain prior notif-
cation of the non-yielding intentions of AVs before the cars pass in 
front of them. Hence, the capacity of AVs to efectively convey their 

intentions and communicate with pedestrians is benefcial. To this 
end, external human-machine interfaces (eHMIs) were introduced 
into AVs to provide the capability to convey important information 
to external trafc participants in their surroundings [21, 41, 47]. 
Nevertheless, the efective implementation of interaction between 
autonomous vehicles and other road users, particularly pedestrians 
and cyclists, is still worth worrying about since other road users 
may not even notice that they are involved in interaction with an 
autonomous vehicle [46]. 

Gestures, which are frequently employed as a means of commu-
nication between drivers and pedestrians or other vulnerable road 
users [51] (See Fig.2), have received comparatively less attention 
as cues to be referred to in existing designs and research on eHMI, 
especially compared with lights and texts. However, the previous 
studies conducted on gesture-related interactions between pedes-
trians and autonomous vehicles have mostly focused on the AV’s 
detection of pedestrian intents via identifying and understanding 
their gestures [25]. The main objective of this study is to fll in 
the existing research gap about gesture-based eHMI to facilitate 
interactions between AVs and pedestrians. We aimed to compare 
the relative efectiveness of gesture-based eHMIs with other eHMIs. 
Additionally, the study seeks to identify the most suitable gestures 
from a wide range of popular gestures to provide valuable insights 
for the design of future eHMIs designed for AVs. Thus, our research 
questions are listed as follows: 
RQ1: What are the diferences between the efects of eHMIs? 

Which gestures work best? 
RQ2: What underlying factors contribute to this diference? 

Figure 2: Pedestrian-driver interaction using gesture at un-
controlled crosswalks. 

To answer the above questions, we conducted a virtual reality 
experiment (N1 = 31) and a following online survey (N2 = 394) to 
validate the generalizability of the results. Firstly, in our virtual 
scenario, we asked participants to cross the road as fast as pos-
sible while ensuring their safety to examine the efects of eight 
gesture-based eHMIs (four yielding and four non-yielding gestures) 
developed by us compared with two SOTA eHMIs (one indicating 
yielding intent and the other indicating no yielding) and AVs with-
out any eHMI. Due to the limited acceptance of VR experiments 
among certain demographics, such as predominantly young people, 
to obtain a more comprehensive variety of perspectives from the 
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wider population, we developed a questionnaire involving 394 par-
ticipants covering road users of all age groups. The questionnaire 
further checks the three factors for assessing gesture-based eHMIs, 
including clarity, familiarity, and politeness. 

To summarize, our work makes the following contributions: i) 
a gesture-based eHMI concept design inspired by human driver— 
pedestrian gesture interaction; ii) a gesture set for driver-pedestrian 
interaction selected from multiple transportation scenarios and lit-
erature; iii) a controlled study with 31 participants to investigate 
diferences among gestures’ performance in a VR simulation experi-
ment; iv) a wider population survey with 394 participants to further 
validate the efciency of each gesture. Our research provides solid 
empirical evidence and in-depth design implications for designing 
gesture-based eHMI for AV in the future. 

2 RELATED WORK 

2.1 Autonomous Vehicles-Pedestrian 
Interaction Design 

Pedestrians are one of the most vulnerable users on the road. Mis-
judgments between vehicles and pedestrians can lead to accidents 
and even cause casualties [68]. Compared to traditional cars, au-
tonomous vehicles lack certain methods of communication [11]. 
Therefore, the interaction between autonomous vehicles and pedes-
trians will afect pedestrian safety [23]. The interaction issues 
between AVs and pedestrians have attracted a lot of attention 
in HCI research. Past research has explored various design ap-
proaches to facilitate AV-pedestrian interaction, such as audio sig-
nals (engine sounds, bell rings, and soft alarm sounds) [72], Light 
Signals [16, 17, 30], Augmented Reality (AR) projection on the 
road [63], Mobile Applications and Connected Devices [36, 69], In-
ternet Vehicle-to-Everything (V2X) Technology [75], Interfaces on 
Street Infrastructure [45] and external Human-Machine interface 
(eHMI) [26, 42]. 

Empirical research on the aforementioned methods indicates 
that these approaches have their respective advantages in terms 
of clarity, familiarity, and politeness, yet they still present chal-
lenges. Regarding clarity, the efectiveness of Audio Signals is 
limited in conveying risk levels [72]; Light Signals are also inef-
cient in ambiguous situations and busy scenarios [16, 17, 30]; Street 
Infrastructure Interfaces may cause visual confusion and fail to 
indicate multiple pedestrians’ intents, afecting clarity [45]. Regard-
ing familiarity, AR [63] ofers novel interaction methods but its 
complexity can increase cognitive load, reducing familiarity; the 
efectiveness of Audio Signals in conveying risk levels varies across 
environments, limiting clarity; Mobile Apps and Connected De-
vices provide intuitive, personalized interactions for understanding 
AVs’ intentions but their efectiveness is contingent on widespread 
adoption and user familiarity [36, 69]; V2X Technology enhances 
safety through efective communication but faces challenges in net-
work latency and reliability, refecting limited user familiarity [75]. 
Regarding politeness, Audio Signals may be perceived as impolite, 
especially in varied environments where they can be intrusive [72]; 
Light Signals lack politeness in multi-vehicle scenarios, leading to 
visual confusion [16, 17, 30]; AR Technology may potentially be 
more polite by personalizing interaction information, minimizing 
pedestrian disturbance and misunderstanding [63]. 

From the studies mentioned above, it is evident that an efective 
pedestrian-AV interaction design should be taken its clarity, famil-
iarity, and politeness into consideration. Therefore, in this paper, 
we also comprehensively take into account these factors for the 
selection and evaluation of gestures. 

2.2 The State of the Art (SOTA) Dispaly-based 
eHMI. 

Display-based eHMI has become a mainstream research direction. 
Display-based eHMI uses visual screens or projections that can 
display dynamic information. These display technologies have seen 
signifcant development in recent years and are being integrated 
into automobiles. For example, AUO showcased its Micro LED auto-
motive display technology at CES 2023. This technology ofers high 
brightness, high contrast, a wide color gamut, and rapid response 
times. The PML programmable smart headlights and ISD intelligent 
interaction lights equipped in HiPhi X can project interactions with 
pedestrians. These display technologies can be integrated inside 
vehicles, such as on windshields or the body of the car, or even 
projected onto the road or surrounding environment. In recent 
years, a large number of display-based eHMI design concepts have 
been proposed or applied. Examples include the Mercedes-Benz 
F015 concept car (Daimler, 2015)[4], the Nissan IDS concept car 
(Nissan Motor Corporation, 2015), the Volvo Concept 360 (Volvo 
Cars, 2018), the Smart EQ ForTwo concept (Daimler, 2017)[14], the 
BMW VISION NEXT 100 (BMW, 2016), and the Jaguar/Land Rover 
Virtual Eyes concept (Jaguar Land Rover, 2018) [53]. 

In addition to industrial products, the academic community has 
also conducted empirical research on various display-based eHMIs. 
Bazilinskyy et al. [3] found textual eHMIs in AVs clearer than non-
textual ones, especially with zebra crossings, and recommended 
egocentric text for safety. Werner et al. [71] identifed turquoise as 
the best color for AV external lighting, emphasizing visibility and 
uniqueness. Lau et al. [40] showed that dynamic eHMI enhances 
safety in yielding AVs but warned against mismatches between 
eHMI signals and vehicle actions. Dey et al. [18] discovered cyan 
with fashing or pulsing animations as efective for eHMIs in AVs, 
aiding pedestrian interaction. 

While there has been considerable research on eHMI, it has 
been somewhat limited to interaction designs already present in 
traditional vehicles. Therefore, in this paper, we integrate the SOTA 
eHMI design and studies into an optimally efective eHMI to be 
used as a control group design (see details in Section 4.2, Fig. 6). 

2.3 Driver Gestures and eHMI 
In Katz et al.’s [38] study on driver-pedestrian interaction in cross-
conficts, it was found that after vehicle-pedestrian conficts, drivers 
and pedestrians often communicate through non-verbal means like 
gestures and eye contact. Social norms or tacit communication play 
a signifcant role in predicting each other’s intentions [48]. For 
instance, eye contact, gestures between pedestrians and drivers, 
or changes in vehicle speed can convey intentions [1]. Stanciu et 
al. [59] summarized interactions between vehicles and pedestrians 
using gestures, eye contact, or headlights. Drivers use gestures to 
encourage other road users to pass or stop [61]. Pedestrians also use 
gestures to communicate with vehicles [32]. Research shows that 
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gestures are a common method of trafc communication, improv-
ing driver-pedestrian interaction [13, 74]. Gestures (like waving) 
are common practices in negotiating right-of-way between pedes-
trians and drivers [20]. Similarly, eye contact is considered a social 
cue; it’s an indicative signal conveying to whom one is speaking 
and that subsequent actions or information will be meaningful [6].
Šucha [61] confrmed that both pedestrians and drivers use eye 
contact for communication, with pedestrians using it to encourage 
drivers to yield [72]. 

Fass et al. [26, 43] noted that with the increase of automated func-
tion vehicles, future trafc systems will be shared by autonomous 
and manually driven vehicles. In such scenarios, traditional com-
munication methods between pedestrians and AVs, like eye contact 
and gestures, may no longer be efective [2, 34]. Hence, many stud-
ies have analyzed pedestrian-driver interactions at crosswalks in 
urban settings and how these interactions infuence the behavioral 
design of future AVs. The focus is on understanding interactions 
at crossroads between drivers and pedestrians, deriving insights 
from these interactions to guide the development of autonomous 
driving functions [9, 45, 57, 62] 

Ackermann et al. [1] believed that using existing communication 
methods (gestures, eye contact) by autonomous vehicles might be 
benefcial. These traditional and common behavior patterns of dri-
vers expressing priority to pedestrians have been discussed between 
autonomous vehicles and pedestrians [73]. Risto et al. [52] empha-
sized the need for AV developers to recognize and understand the 
impact and importance of motion gestures in daily trafc interac-
tions, and to design efective and scalable forms of human-vehicle 
communication in multi-party interactions. A simple gesture action 
performed well in comparisons across diferent interfaces, as it 
clearly conveyed intentions [45]. When gestures align with the in-
formation provided by eHMI, pedestrians’ willingness to cross the 
road in front of autonomous vehicles operating in yielding mode 
will increase. Conversely, it will decrease when gestures and eHMI 
information are inconsistent [12]. 

3 GESTURE SELECTION 
To assess the practicality of integrating gesture interaction into 
the eHMI design, researchers carried out a process of selecting 
suitable gestures. This involved three primary stages (Fig.3). In 
the initial stage, the researcher gathered gestures and created a 
gesture library. Depending on the needs of the study, the chosen 
gestures need to express the intention to yield or unyield. The 
selected gestures comprise daily pedestrian gestures, sport-specifc 
movements, trafc control signals, and sign language [13, 27, 70, 74]. 
It should be noted that this research is taking place in China, so 
the trafc control signals and sign language are mainly based on 
Chinese gestures. 

In the second stage, the gestures in the gesture library were 
evaluated and screened by a panel of six researchers. Step 1 was to 
categorize the gestures semantically. Gestures were classifed based 
on their meanings, with afrming and passage-signaling gestures 
falling under the yielding category, while negation and passage-
stop signaling gestures were categorized as non-yielding. Step 2 
was to perform a duplicate merge. Similar gestures in key areas 
were combined and categorized together. Step 3 was to conduct 
a cultural screening. The study evaluated familiarity of gestures 

and eliminated those that were deemed too culturally specifc. In 
addition, the politeness of gestures was considered, and those with 
ofensive meanings in certain cultures were excluded. For instance, 
the clasping gesture was removed because it is too Chinese, while 
the “OK” gesture was omitted due to its ofensive implications 
in certain parts of Italy[27]. Step 4 was to screen for clarity of 
gestures. Gestures with too little amplitude and too much detail 
were screened out. See the supplementary material for sources and 
screenings of specifc gestures. 

After the panel screening, four yielding gestures (Fig. 4) and 
four non-yielding gestures (Fig. 5) were selected. These gestures 
were respectively labeled Y+number and N+number for subsequent 
research. 

4 STUDY 1: VIRTUAL REALITY EXPERIMENT 
Given the current limitations of AV technology and potential haz-
ards associated with conducting tests involving AVs in real-world 
scenarios, virtual reality (VR) technology was widely utilized in 
human-AV interaction experiments to simulate and examine pedestrian-
AV interactions to ensure safety and improve user comfort [15, 35, 
44]. However, VR experiments also have some limitations. For ex-
ample, participants’ perceptions in VR usually difer from their 
perceptions in reality, and complex operations might cause dis-
comfort and symptoms such as dizziness and nausea, which may 
limit the range of our participants [5, 49, 64]. Thus, in our research, 
we frst conducted a VR experiment with careful design. Then we 
conducted an online survey to make sure of the generalization of 
our fndings. 

4.1 Scenario and Task Design 
To explore the usability and performance of the selected gestures 
in facilitating pedestrian-AV interaction, we designed a VR experi-
ment to compare all the gesture-based eHMIs along with baseline 
conditions. The VR experiment took place in a virtual scenario (See 
Fig. 9) where pedestrians and AVs met at uncontrolled crosswalks. 
The participant’s task is to control the virtual pedestrian’s behav-
iors (gaze and move) in response to AVs with diferent eHMIs. To 
address possible dizziness and nausea problems in pilot studies, we 
limited participants to sitting down and pressing two buttons that 
simulate walking in the virtual environment. 

Before crossing, pedestrians usually observe vehicles around 
them and consider possible dangers [39]. We hypothesize that an 
efective eHMI should help reduce the amount of time pedestri-
ans observe and hesitate. These times serve as indicators of the 
efectiveness of eHMI.[20] 

Thus, a within-subjects design was utilized in this study. The 
usability of 12 eHMI designs was assessed, including eight gesture-
based eHMIs (four yielding and four non-yielding gestures) , two 
SOTA eHMIs (light-based, one yielding and one non-yielding) and 
two AVs without any eHMI (one yielding and one non-yielding), 
as shown in Fig.6. Each eHMI was presented to participants three 
times, and the sequence in which eHMI designs appeared was 
randomized. This randomization aimed to prevent subjects from 
discerning trends that could potentially infuence the experimen-
tal outcomes. We have designed the system to randomly generate 
diferent types of AVs at each intersection. Each AV comes with 
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Figure 3: The Process of Gesture Selection, including three stages 

Figure 4: Four yielding gestures 

its own eHMI and corresponding motion logic, all of which are 12 diferent blueprints. To ensure that each AV appears exactly 3 
programmed into an AV blueprint. In this experiment, there are 
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Figure 5: Four non-yielding gestures 

times, we will create two duplicates of each AV’s blueprint, ex-
panding the blueprint library to 12 × 3 = 36 in total and assigning 
each blueprint a unique number from 1 to 36. As the pedestrian 
approaches the trigger point before an intersection, the program 
will randomly select an integer from this range and summon the 
corresponding AV. To ensure that each intersection corresponds 
to a unique blueprint without repetition, the system will exclude 
numbers that have already been randomly selected when moving 
to the next intersection. 

Additionally, to encourage pedestrians to actively interpret eHMI 
signals and take action, a incentive mechanism is implemented in 
the experiment. Under conditions where the AV yields, a reward 
is triggered if the pedestrian’s hesitation time is less than 5 sec-
onds. Conversely, when encountering a non-yielding AV, a reward 
is earned by successfully navigating the pedestrian through. No 
additional reward is given for failing to meet these conditions. Each 
time an additional reward is triggered, participants will receive 
extra money on top of base compensation. 

4.2 Independent Variables 

eHMI Designs: We assessed the 12 eHMIs designs. The SOTA 
eHMI design were labeled as Y0 and N0. AVs without any eHMI 
design were labeled as Y-base and N-base. The eHMI designs are 
summarized in Fig.6. 

Encounter Times: Each design was examined by each partici-
pant three times. 

4.3 Dependent Variables
The following measures were recorded or calculated to assess the 
efect of eHMIs: 

Error Rate: Whether the subject misjudged the intent of the 
AV to calculate the Error Rate, the understanding of the intentions 
of AVs is reported by the participant orally. For non-yielding AVs, 
if the pedestrian makes an error in judgment and walks up to the 
crosswalk without waiting for the car to pass, he or she is bound to 
be hit by the car. The occurrence of a collision is recorded. The error 
rate for an eHMI design was calculated as the number of times that 
its intention was misunderstood, divided by the total times that the 
eHMI design was examined by all participants. 

Difculty in Comprehension: The score of the difculty of 
understanding the shown eHMI on a Likert-type scale of 1 to 5, 
reported by the participant orally. 

Perception of Danger: The score of the perceived level of 
danger when passed by AV with specifc eHMI, on a Likert-type 
scale of 1 to 5, reported by the participant orally. 

Duration of Observation: The time the participant spent ob-
serving the AV. Given that AVs always approach pedestrians from 
the left, pedestrians must turn their heads toward the left to observe 
the oncoming vehicle. In the VR, the camera’s feld of view is 90°, 
therefore the AV only fully enters the pedestrians’ feld of view 
when they turn their head 50° to the left. Once the observation is 
complete, pedestrians should then redirect their attention back to 
the road surface in front of them. The duration of observation could 
be recognized as the time when they turned their heads more than 
50° to the left. 
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Figure 6: The implementation of each experiment conditions. 

Duration of Hesitation: The time the participant spent hesi-
tating to go forward. During the experiment, the participant was 
given a yellow button to press and hold to control walking. The 
time that the participant did not press the button while crossing 
the intersection was recorded to be the measurement. 

Physiological Indicators: Electrodermal activity(EDA), heart 
rate (HR), and heart rate variability (HRV), measured by wearable 
monitoring device——Empatica E4 Wristband. Physiological indica-
tors were derived : 

SCR_Peaks_N: The number of peaks of the Phasic Skin Conduc-
tance Response (SCR).[7] 

HR: The number of times the heart beats per minute. 
HRV_RMSSD: The root mean squared diferences of successive 

diference of intervals.[50, 56] 

4.4 Apparatus 
Using the Carla version of Unreal Engine[22], we designed a city 
scenery that closely resembles the real world. In order to simulate 
the real world as much as we could, we added streets, complex 
supermarkets, ofce buildings, residential architecture and plants, 
etc. The city street scenery is made by the software RoadRunner. 
As the dual carriageway, each lane is 5 meters wide, and both sides 
of the road have a sidewalk 3 meters wide. 

Pedestrians will encounter AVs at crossroads. There are zebra 
crossings at the intersection, but there are no trafc lights. Pedestri-
ans need to cross every crossroad. For a crossing, a starting point 
is marked 5 meters in front of the zebra crossing, and an ending 
point is marked at the end of the zebra crossing. Between the start-
ing point and the ending point is the experimental stage, where 
pedestrians understand the intention of the autonomous vehicle 
and cross the road. The layout of the scenario in the virtual envi-
ronment and the routes of AVs and pedestrians are illustrated in 
Fig.7. 

The generated positions and behaviors of AVs are standardized. 
We meticulously designed the motion behaviors and transition 
points of AVs, making it challenging for participants to infer vehicle 
intent through implicit information. The AV’s driving behavior 

consists of three stages: the frst stage involves the AV traveling at 
a speed of 43.2 km/h for 2 seconds after being generated, during 
which the eHMI signals on the vehicle start playing. In the second 
stage, the AV undergoes a 2-second deceleration, reduces its speed 
to 14.4 km/h, and continues traveling for 9 seconds. In the third 
stage, the yielding and non-yielding AVs exhibit diferent motion 
behaviors. If the current AV decides not to yield, it continues at a 
constant speed of 14.4 km/h through the intersection. If the current 
AV decides to yield, it decelerates to a stop 4 meters before the 
crosswalk. 

According to Fig.8 A, the experiments are conducted in an empty 
indoor environment in which tables and chairs are placed. Beyond 
the desk, there is a PC (CPU: intel i5 13600kf, GPU: Nvidia rtx3080 
10GB, RAM:32GB, ROM:4TB) with a virtual environment, an an-
droid cellphone ( XIAOMI MIX 2s, CPU: snapdragon845, ROM:6GB), 
a physiological state monitoring wristband (Empatica E4 Wrist-
band), a VR headset (Oculus Quest2), a display device(34-inch dis-
play or Redmi) and two physical buttons. The VR device was con-
nected to the PC with a USB 3.0 cable. The two buttons connected 
to the computer are red and yellow, separately. While running, the 
PC will sync the picture to the monitor, and the E4 wristband is 
connected to an Android cellphone by Bluetooth. A paper answer 
sheet was used to record how participants rated their responses 
during the experiment. 

4.5 Procedure 
After welcoming the participants and introducing the research 
target briefy, we asked them to sign an informed consent form. 
Next, we explained experimental tasks and procedures in detail and 
told them how many buttons they could use and the data needed to 
be collected. The experimenter wore a VR headset to demonstrate 
the approaches to operating for participants. Before continuing, 
we ensured that we had solved any unclear problems posted by 
participants. Afterward, the researchers helped the participants 
wear E4 wristbands and launched the acquisition software running 
on the Android cellphone. Then, the participants were helped to 
put on the VR headset and adjust it to a position where it was 
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Figure 7: The implementation of each experiment conditions. 

comfortable to wear. Until confrming there were no problems, 
participants entered the virtual environment of the frst round. To 
collect baseline physiological data for 30 seconds, participants were 
also asked to breathe steadily without any movement. 30 seconds 
later, the researcher issued a start command, and the participants 
took over the operation buttons to start the formal experiment. 

During a round of the experiment, participants pressed and held 
the yellow button to control to walk to the starting point according 
to the instructions in VR. When the pedestrian in VR played by the 
participant arrived at the starting point of each crossroad, Unreal 
Engine started to record all the data required. In the meantime, 
AV was generated and approaching the crossroad by the left side 
of the pedestrian. Participants need to judge the vehicle intention 
according to the eHMI information designed in the experiment and 
decide whether to go before the AV. When pedestrians arrive at 
the ending point of the crossroad, a crossing is considered to be 

Figure 8: Layout of the experiment environment and experi-
ment procedure. 

completed. Participants need to answer the questions at the pop-up 
windows orally. Below is the content of the question: 

1. What is the intention of the vehicle? ( A. Yield B. Not to 
yield) 

2. How difcult is it for you to understand the intentions of 
AVs? (1-5 points, with fve being the most difcult) 

3. How dangerous do you feel when you cross the road? (1-5 
points, with fve being the most dangerous) 

The researcher recorded the answers in writing. Participants can 
press the red button to close the pop-up window after fnishing the 
questions and then use the yellow button to control the pedestrian 
to go to the next intersection. The procedure of the experiment is 
illustrated in Fig.9. 

Semi-structured interviews lasting no more than 30 minutes 
were conducted after the experiments. Participants need to review 
the process of the experiment together and the questions answers. 
If they were bumped/ got a wrong answer to question 1 in the 
experiment, they need to check the reason. During the process of 
answering, participants can view the video to review diferent kinds 
of gestures anytime. For questions 2 and 3, after review, participants 
need to re-evaluate and rank all diferent yielding or non-yielding 
eHMI efects and explain why. Finally, there were a few questions 
related to AVs and gesture-based eHMI at the end. 

4.6 Participants 
In August 2023, this study recruited adults between 18 and 55 years 
old in Beijing. The recruitment criteria were as follows: i) No cog-
nitive disorder, basic social cognition, and judgment ability, normal 
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Figure 9: The procedure of the VR experiment. 

mental state. ii) No perception disorders, visual, auditory, and sen-
sory functions are normal. iii) Normal athletic ability without any 
physical disability. iv) No eye or skin infections. v) Participants 
have long-term residency in the North China region, being familiar 
with local trafc rules and cultural norms. vi) Participants have 
previous experience with VR devices and have not exhibited any 
adverse reactions. vii) Participants are in a normal state and have 
abstained from alcohol or similar substances before participating 
in the tests. 

Finally, we selected 33 healthy adults with VR play experience 
from many applicants to participate in this experiment, and all the 
participants needed to voluntarily sign informed consent before the 
experiment. Participants played as pedestrians to interact with au-
tomatic vehicles in the VR world. Each participant received 60 RMB 
as compensation after the experiment fnished. This experiment 
has been approved by the local university’s Institutional Review 
Board (IRB). 

After being scrutinized, the data from 31 participants was con-
sidered reliable and analyzed. Due to equipment problems during 
the experiments with two participants, the data for them were in-
complete. Consequently, the data from these two participants were 
excluded from the analysis. 

4.7 Analysis 
We checked whether participants’ reported interpretations 

of the AVs’ intentions were consistent with the true intentions and 
recorded the times of errors. For a non-yielding vehicle, the time of 
collisions was counted as a supplement. 

The error rate for an eHMI design was calculated as the number 
of times that the participants misunderstood the intention of AV 
with the eHMI design, divided by the total examined times (each 

design was examined by each participant three times, the total 
number � = 31 × 3 = 93), as aforementioned in Section 4.3. 

Because “Error” is a categorical variable (error = 1, no error = 
0), we used the chi-square test to evaluate whether there is an 
association between diferent eHMI designs and “Error”. 

Given that each participant encountered AVs with each eHMI 
design three times, perceptions and behaviors of participants may 
vary with each time. To investigate whether there is an interaction 
between the diferent eHMI designs and the times of encounter, 
we conducted a two-way repeated measures ANOVA for analysis. 
We tested the data for normality of the residuals and sphericity 
assumptions with Shapiro-Wilk’s and Mauchly’s tests, respectively. 
If the assumption of sphericity was violated, we corrected the tests 
using the Greenhouse-Geisser method. For signifcance testing, we 
used two-way repeated-measures ANOVA to identify signifcant ef-
fects and applied Bonferroni-corrected t-tests for post-hoc analysis. 
Further, we report the generalized ETA squared �2 as a measure of 

�
the efect. If the homogeneity of variance assumption was violated, 
Welch’s ANOVAs were used. If normality was violated according 
to the results of Shapiro-Wilk’s tests, we applied the Aligned Rank 
Transform (ART) as proposed by Wobbrock et al. [24]. 

Further, we plotted the average data as line graphs, as shown in 
Fig. 11 and Fig. 13. In a line graph, the X-axis represents the 1st, 
2nd, and 3rd time, and the Y-axis represents the average of the 31 
participants’ performance. 

Additionally, we applied the Student’s t-Tests for physiological 
data to examine the diference between the baseline and each level. 
If normality was violated, Wilcoxon Rank-Sum tests were used. 

4.8 Results 
4.8.1 Yielding Vehicles. 

Error Rate: The error rates are summarized in Table.1 There 
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is a signifcant association between diferent eHMI designs and 
“Error” (�2(5) = 31.445, p < .001). The intentions of AVs without any 
HMI design were inaccurately understood 16 times. Y2, Y3, and Y4 
were almost not misinterpreted by the participants (N=2, 1, 1). The 
frequency of misinterpretation of the intentions of Y1 and Y0 is 
relatively low (N=7, 7). 

Table 1: Error Rate for Yielding eHMI 

Yielding eHMI design Y1 Y2 Y3 Y4 Y0 Y-Base 

Error Rate 7/93 2/93 1/93 1/93 7/93 16/93 

Difculty in Comprehension: A signifcant main efect was 
observed (� (5, 150) = 22.098, � < 0.001, �2 = 0.250) for eHMI 

�
designs on the difculty in comprehension for yielding vehicles. 
There was no signifcant main efect for the times of encounter. 

But the critical fnding was the signifcant interaction efect 
for eHMI designs and encounter times (� (10, 300) = 2.182, � = 
0.041, �2 = 0.019). For Y0, there is a signifcant diference between 

�
the frst time and the third time (� = 0.002), with a lower difculty 
in comprehension for the third time. 

Results of post-hoc tests indicate that the Y0, Y2, Y3, and Y4 
are signifcantly easier to understand by participants than Y1 and 
Y-Base (� < 0.05). No signifcant diference is found between AV 
with Y1 and AV without any eHMI (� > 0.05). (Fig.10(a)) 

Among yielding vehicles, the average level of difculty in per-
ceiving the intentions of AVs without any eHMI design was found 
to be the highest and had slight variations among the three en-
counters. The yielding intentions of AVs with Y1 are relatively 
hard to understand either. As the number of encounters increased, 
the decrease in comprehension difculty was not noticeable. The 
difculty of obtaining yielding intentions from AVs with Y3 is the 
lowest, followed by Y2, regardless of the number of encounters. The 
level of comprehension difculty for Y0 exhibits an approximately 
linear decrease, but for Y2 has an upward trend with increasing 
repetitions. (Fig.11(a)) 

Perception of Danger: There are signifcant diferences (� (5, 150) = 
10.989, � < 0.001, �2 = 0.114) between diferent designs on the per-

�
ception of danger for yielding vehicles. There was no signifcant 
main efect for the times of encounter and no signifcant interaction 
efect for eHMI designs and encounter times. 

In contrast to AVs without eHMI applications, the applications 
of all fve types of eHMI designs result in signifcant decreases in 
people’s sense of danger compared with Y-base, based on the results 
of post-hoc tests (� < 0.05). (Fig.10(b)) 

It was shown that participants perceived AVs without an eHMI 
design as the most hazardous, while AVs equipped with Y3 elicited 
the highest sense of safety among participants, regardless of the 
number of encounters. (Fig.11(b)) 

Duration of Observation: A signifcant main efect was found 
(� (5, 150) = 12.002, � < 0.001, �2 = 0.092) for eHMI designs on

�
the duration of observation for yielding vehicles. There was no 
signifcant main efect for the times of encounter. 

We found a signifcant interaction efect for eHMI designs and 
encounter times on the duration of observation for yielding vehi-
cles (� (10, 300) = 2.900, � = 0.010, �2 = 0.029). For Y4, there is

� 

a signifcant diference between the frst time and the third time 
(� = 0.003), with a lower duration of observation for the third time. 
For Y0, there is a signifcant diference between the frst time and 
the third time (� = 0.027), with less duration of observation for the 
third time. 

In comparison to AV without eHMI design, the implementation 
of Y0, Y2, Y3, and Y4 demonstrates signifcant benefts in terms of 
decreasing the observation time (� < 0.05). However, the applica-
tion of Y1 takes even longer than the time spent observing when 
compared to AV without eHMI design (� > 0.05). (Fig.10(c)) 

Participants need to spend a greater amount of time to observe 
the intents of AVs equipped with Y1, compared to those without 
an eHMI design, during their initial encounter, and the duration 
of observation indicates a slight reduction as the number of repeti-
tions increases. For AVs without an eHMI design, observing time 
demonstrates an upward trend with increasing repetitions. The 
duration required to fgure out the intentions of AVs with Y2 is 
minimal during the initial encounter, but it gradually lengthens 
during subsequent encounters. The time required to observe Y3, Y4, 
and Y0 shows a noticeable decrease as the number of encounters 
rises. During the last meeting, it was found that the participants 
were able to comprehend the intentions of AVs equipped with Y0 
in the shortest amount of time. (Fig.11(c)) 

Duration of Hesitation: A signifcant main efect in the du-
ration of hesitation time was observed (� (5, 150) = 23.674, � < 
0.001, �2 = 0.202). There was also a signifcant main efect for the 

� 
times of encounter (� (2, 60) = 12.560, � < 0.001, �2 = 0.0.028).

�
The critical fnding was the signifcant interaction efect for eHMI 

designs and encounter times (� (10, 300) = 3.352, � = 0.003, �2 = 
� 

0.0.023). For Y3 and Y4, there is a signifcant diference (� < 0.05), 
with less duration of hesitation for the second time and third time. 

The utilization of Y0, Y2, Y3, and Y4 in comparison to AV without 
eHMI design proves to be signifcantly advantageous in terms of 
reducing the amount of time of hesitation (� < 0.05). Nevertheless, 
the application of Y1 fails to produce any signifcant distinction 
when compared to AV without eHMI design (� > 0.05). (Fig.10(d)) 
Post-hoc analysis revealed signifcant diferences in the duration 
of hesitation between the frst and second encounters as well as 
between the frst and third encounters (� < 0.05). It indicates that 
participants were able to respond more quickly when encountering 
an eHMI design that they had previously encountered. 

For yielding vehicles, we found that pedestrians reacted worst 
to AVs without any eHMI design (Y-base). The hesitation time for 
the next two encounters rises compared to the performance for the 
frst encounter. The performance of participants when confronted 
with Y1 is similar to that of Y-base, exhibiting a little improvement 
in the subsequent two encounters. However, it remains the worst 
among all eHMIs. The duration of hesitation indicates a discernable 
decreasing trend for Y2, Y3, Y4, and Y0. The pedestrians performed 
best in deciding their actions when they met AVs with Y0 in the frst 
encounter. When considering the overall performance of the three 
encounters, it can be observed that Y4 shows the most pronounced 
Learning during experiencing. (Fig.11(d)) 

4.8.2 Non-Yielding Vehicles. 
Error Rate: The Error Rate and Collision Rate were summarized 
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in Table.2. There is a signifcant association between between dif-
ferent eHMI designs and “Error” (�2(5) = 28.049, p < 0.001). There 
is a signifcant association between diferent eHMI designs and 
“Collision” (�2(5) = 12.638, p = 0.027). When answering question No. 
1, some participants tend to report the observed behavior shown 
by the AVs after crossing the roads rather than their true thoughts 
before crossing. This may lead to a possible situation where the 
collision rate is greater than the error rate. 

The intentions of AVs without any eHMI design were incorrectly 
interpreted 17 times, which was similar to the yielding AVs. The N4 
eHMI design had the lowest number of misunderstandings, only 
eight times, compared to other eHMI designs. The frequency of 
misinterpretation of the intentions of N1, N2, and N0 is relatively 
low (N=12, 17, 11). Particularly, N3 was the worst among all eHMIs, 
and even more difcult to accurately understand than AV without 
any eHMI (N=29). 

Table 2: Error Rate for Non-Yielding eHMI 

Non-yielding 
eHMI design N1 N2 N3 N4 N0 N-Base 

Error Rate 11/93 12/93 23/93 8/93 11/93 17/93 

Collision Rate 12/93 17/93 29/93 7/93 7/93 13/93 

Difculty in Comprehension: A signifcant main efect was 
found (� (5, 150) = 14.818, � < 0.001, �2 = 0.169) between designs 

�
on the difculty in comprehension for non-yielding vehicles. There 
was no signifcant main efect for the times of encounter and no 
signifcant interaction efect for eHMI designs and encounter times. 

Results of post-hoc tests indicate that the N0, N1, N2, and N4 
are signifcantly easier to understand by participants than N-Base ( 
� < 0.05). As compared to AV without eHMI, N3 has no advantages 
in terms of cognitive comprehensibility (� > 0.05). (Fig.12(a)) 

Among non-yielding vehicles, the average level of difculty in 
perceiving the intentions of AVs without any eHMI design was 
found to be the highest and has an upward trend with increasing 
repetitions. AVs with N0 and N3 show similar levels of understand-
ing difculty. The non-yielding intentions of AVs with N2, N1, or N4 
can be relatively easy to perceive by participants among which, with 
N4 being the most easily understandable. The level of comprehen-
sion difculty for N2 tends to diminish with increasing repetitions. 
(Fig.13(a)) Perception of Danger: A signifcant main efect was 
found (� (5, 150) = 9.703, � < 0.001, �2 = 0.078) between designs 

�
on the perception of danger for non-yielding vehicles. There was no 
signifcant main efect for the times of encounter and no signifcant 
interaction efect for eHMI designs and encounter times. The use 
of N0, N1, N2, and N4 on AVs results in signifcant improvements 
in participants’ perception of safety when compared to AV without 
any eHMI design (� < 0.05). The application of N3 does not have a 
signifcant impact on the perceptions of risk (� > 0.05). (Fig12(b)) 

It was shown that participants perceived AVs without an eHMI 
design as the most hazardous. It has been observed that specifcally 
for N1, the perception of danger of participants tends to decrease as 
the number of encounters increases. For the 2nd and 3rd encounters, 

N1 is regarded as the most secure eHMI design for pedestrians. Par-
ticipants experience a similar sense of danger when they encounter 
AVs with N2 and N4. (Fig.13(b)) 

Duration of Observation: A signifcant main efect was found 
(� (5, 150) = 3.504, � = 0.011) between designs on the duration 
of observation for non-yielding vehicles. There was no signifcant 
main efect for the times of encounter and no signifcant interaction 
efect for eHMI designs and encounter times. 

As compared to AV without eHMI design, the implementation 
of N2 and N4 is signifcantly helpful in shortening the observation 
time (� < 0.05). The utilization of other eHMI designs does not 
provide any signifcant advances (� > 0.05) towards reducing the 
time spent observing. (Fig.12(c)) 

Among non-yielding vehicles, the average duration of observing 
the AVs without any eHMI design was found to be consistently the 
longest, irrespective of the number of times it is encountered. The 
time needed to understand the intentions of AVs equipped with 
N3 is shortest on the frst encounter but increases when encoun-
tered again. The duration required to observe AVs with N1 or N4 
decreases with increasing repetitions. When met for the second or 
third time, N4 requires the shortest duration for comprehension. 
(Fig.13(c)) 

Duration of Hesitation: A signifcant main efect in the du-
ration of hesitation time was observed (� (5, 150) = 8.000, � < 
0.000, �2 = 0.049) between designs for non-yielding vehicles. There 

�
was no signifcant main efect for the times of encounter and no 
signifcant interaction efect for eHMI designs and encounter times. 

The duration of hesitation when meeting with Avs equipped 
with N3 is noticeably lower compared to other counterparts. Never-
theless, it does not imply that N3 is the most efective. In contrast, 
pedestrians often misinterpret the non-yielding intentions of AVs 
equipped with N3, leading them to initiate crossing the crosswalk 
before AVs arrive. (Fig.12(d) and Fig.13(d)) 

4.8.3 Physiological State. 
SCR_Peaks_N (the number of SCR peaks) can indicate the num-

ber of times the participant was stimulated over a period of time [7]. 
The participants were not exposed to any external stimuli dur-
ing the collection of their baseline physiological data. During the 
experiments, participants were stimulated in each trial. ANOVA 
reveals no statistically signifcant diferences between designs. For 
all eHMI designs, the SCR_Peaks_N is signifcantly diferent from 
the baseline (� < 0.05). (Figure14) 

HR and HRV_RMSSD have no signifcant diferences, neither 
between designs nor between each design and baseline. 

4.9 Qualitative Data 
In addition to quantitative data, qualitative feedback also enables us 
to gain insights from the subjective reasoning of participants. We 
conducted a thematic analysis of the responses to semi-structured 
interviews, which required participants to recall the process of an-
swering questions and explain the reasons for ranking eHMI. At the 
end, there will be several questions about trust in autonomous ve-
hicles and gesture interaction. The insights generated from this are 
discussed here, and some relevant participant quotes are provided. 
When recalling the situation of their experiment, participants often 
use various words to indicate gestures and lights, such as "driver", 
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"red light", "green light", etc., to refer to the eHMI of the vehicle they 
saw and even imitate the gestures in memory during the interview 
to represent the eHMI they saw at the time. For the convenience of 
discussion, the numbering of gestures will be used in subsequent 
quotations to clarify the gestures mentioned by the participants, 
such as Y1, N1, etc. All quotes used in the paper were translated 
into English by the lead author and checked by other co-authors. 
Recipient and content: "It must be gesturing towards me" 
The key to whether pedestrians can efectively interact with au-
tonomous vehicles is whether pedestrians can receive and under-
stand the information conveyed by the vehicle eHMI. Before re-
ceiving information, pedestrians need to know that they are the 
Receiver of eHMI information. However, some participants men-
tioned that they did not believe that the car was sending messages 
to themselves during the experiment. As P27 said: 

(P27) "I’m not sure if the lights are giving people instructions or 
indicating the status of the car, or if they are warning other cars 
that it is about to brake. This confuses me because the results 
of these two diferent ways of understanding are opposite." 

(P15) “The lights are a little blurry; I’m not sure if they’re for decora-
tion or to express the meaning.” 

In addition to lights, some gestures have the potential to confuse 
people. 

(P28): "At the crossroads, I wasn’t looking straight at the front window 
of the car; instead, I was looking at it from an angle. Anyway, 
I don’t think the palm of the hand like N2 is facing me." 

(P32) "I don’t think that Y1 is a gesture made for me." 

Nonetheless, the majority of participants stated that when they 
saw the gesture, they immediately recognized that the car or virtual 
"driver" was interacting with pedestrians. 

(P8) "I know it must be gesturing towards me, but the lights may 
not be." 

(P29) "I feel like I’m talking to a real driver when I use gestures, but 
I feel like I’m in the future when I use lights, which look like 
road signs." 

On the other hand, the content of the information conveyed by 
eHMI is also very important. The utilization of lights, specifcally 
red and green, for conveying information is characterized by its 
simplicity, as it is limited to the binary options of "yes" or "no", "go" 
or "stop". In contrast, gestures possess the capacity to convey a 
greater amount of complicated information due to their intricate 
series of motions, encompassing factors such as the direction of 
gesture movement, frequency of repetition, etc. 

(P8) "When I see a hand gesture, I always think that the hand is an 
avatar of myself, so if the direction of movement of the gesture 
is consistent with the direction of my walking, it will be easy 
to understand." 

(P32) "The best gesture is to move from the outside to the inside, 
from the pedestrian’s position to the driver’s position, which 
can indicate the meaning of the pedestrian passing in front of 
the driver." 

Nevertheless, the complexity may not always be advantageous 
for all types of information required to be conveyed, as P17 told us: 

(P17) "In my opinion, the gesture means non-yielding is stopping 
a pedestrian, so the gesture shouldn’t be a moving action, it 
should be unmoving." 

When indicating the intention not to yield, several participants 
agreed on the use of a static gesture rather than a dynamic one 
on an eHMI system. They felt that a dynamic gesture could result 
in confusion, especially in the case of N3, which shows a waving 
motion closely resembling that of Y2. 
Interaction distance and the observability of eHMI: "It was 
just too little to notice from a distance" 
Through conducting experiments and interviews, it was observed 
that pedestrians consider "distance" to be an essential factor, which 
is consistent with the conclusion of Dey et al. [19]. The identifcation 
of a vehicle’s intent at an early stage allows pedestrians to cross 
the street at a safer distance from the vehicle, resulting in increased 
safety and time efciency. Nevertheless, it is hard to achieve in both 
virtual reality (VR) tests and real-world scenarios——the human 
eye has visual limitations in seeing objects that are far away clearly. 
When driving close, their specifc intentions become evident within 
a few seconds, either by coming to a stop or passing by. Some of 
the participants still judge the vehicle’s intention by observing its 
movement behavior, such as waiting for the vehicle to either pass 
by or come to a stop before proceeding to cross the street. They 
said: 
(P7) “The distance is too far to see clearly. Only when the car is very 

close to me can I see clearly. But it’s already too late. The car 
is about to stop.” 

(P12) "Although you told me that whether a car yields or not, their 
speed is the same, I am still used to judging based on the speed 
of the vehicle." 

Avoiding this quandary is also challenging for gesture-based 
eHMI. Gestures without a sufcient range of motion exhibit visual 
similarity when observed from a distance. In cases where these 
gestures have distinct intentions, their possible consequences can 
be quite severe. 
(P16) "Y1 and N2 are difcult to distinguish at a long distance, I can 

only see one hand.." 
(P22) "Y2 and N3 look exactly the same from a distance. All you can 

see is a person waving, not knowing whether they’re trying to 
yield or not." 

(P2) "I can clearly see gestures with a wide range of motion, such 
as N4 and Y3, but not small movements like Y4 and Y1." 

(P24) "I had a driver’s license, so I recognized the N2 when I frst saw 
it closely; I realized it was a trafc cop’s hand signal, but it 
was just too little to notice from a distance." 

It can be found that an extended visual distance enhances pedes-
trians’ ability to comprehend the intentions of a vehicle, regardless 
of whether it involves a gesture or any other form of eHMI. Hence, 
for gesture-based eHMI, the signifcance of a wider range of mo-
tion, increased surface area of the arm exposed, and an adequately 
discernible interface can not be ignored. 
Unfamiliar trafc signal: Green indicates “Go” ? Red indi-
cates “Stop” ? 
Although trafc regulations in China have been regulated and peo-
ple have become accustomed to the fact that green indicates ’go’ 
and red indicates ’stop’, participants’ performance on red and green 
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lights was not at the expected levels, and participants’ ratings of 
red and green lights varied widely. Initially, the majority of the 
people involved in the experiment would guess as to whether the 
color of the eHMI light strip on the car corresponds with the color 
of the usual trafc lights, specifcally green indicating ’go’ and red 
indicating ’stop’.But they still need to try empirically before they 
can confrm the facts. It is consistent with the conclusion of Dey et 
al. [17]. 
(P32) "The red or green lights on the car cannot represent the intention 

of the vehicle, and the fashing lights give a sense of relaxation, 
regardless of the color." 

Participants who took a conservative approach to crossing the 
street found it easier to understand that the red light signals ’Stop’ 
rather than the intention represented by the green light: 
(P25) "A red light is better understood than a green light. If I see a 

red light, I will defnitely not move, but even if it is a green 
light, I may not dare to walk because it is unknown to me, and 
I will feel afraid." 

(P26) "I may not understand the meaning of a green light, but I know 
that a red light means non-yield." 

Furthermore, we discovered that in addition to their inconsistent 
meanings, red and green lights appeared to many participants to be 
very diferent in other ways. The participants had diferent levels 
of difculty comprehending the red and green lights: 
(P18) "I’m not sure what the red light means; I’m not sure if it’s a 

brake light; it could use a little more graphics." 
(P20) "Red lights are easy to understand but can not be seen clearly. 

If a blue/green light suddenly appears, I can’t confrm the 
intention of the vehicle." 

Comprehensibility of gestures:"I immediately understood 
its meaning" 
Participants explaining the reasons for the ordering in the inter-
views often mentioned that they often encountered a certain gesture 
in their own lives, which could either make the gesture simple to 
understand or cause confusion due to the common intent of the 
gesture in their lives. For example, Y1 can also indicate you’re awe-
some, while N3 can mean hello, farewell, and so on. Participants 
said: 
(P27) "Y4 looks like a person walking. It’s easy to understand. Y1 

seems to be praising. I completely cannot understand its mean-
ing." 

(P18) "On my frst encounter with N3, I mistook the vehicle for an 
attempt to yield to my intention, and I crossed the road imme-
diately, not expecting to be hit at all." 

(P5) "Y4 impressed me, but it was silly and not natural like it was 
for a child; it took more efort and was more complicated to 
understand." 

(P4 "The most commonly used gesture by drivers is Y2, and I also 
use Y2 when driving." 

Although some of the gestures were not familiar to the partici-
pants, they were easy to learn and efective: 
(P9) "Although I have never seen a driver gesture to me like this 

(Y3 and Y4) in my life, I immediately understood its meaning 
when I frst saw it today. I quickly learned the rest after trying 
the intersection once." 

(P28) "Gestures have a low learning cost and were well understood in 
today’s experiment, whereas lights have a high learning cost 
and were not so well understood." 

Participants largely felt that the inefective gestures well enough 
were the lowest-ranked of all eHMIs. However, when compared 
to an AV without any eHMI designs, the attitudes of participants 
varied. 

(P6) "I would fnd it dangerous if there is a confict between the 
vehicle’s speed information and the information displayed on 
the vehicle’s eHMI." 

(P22) "Although gestures may be misunderstood, I think it is safer to 
have gestures, at least giving me the possibility to understand 
the intentions of the autonomous vehicle." 

Although some gestures are inefective at helping pedestrians 
understand the intent of the vehicle, these gestures will increase 
walkers’ sense of security when crossing the street. 
Communicating in a more friendly manner: "I am communi-
cating with the vehicles" 
Information conveyed through gestures is rich. In addition to the 
original meanings and directions, gestures also contain the driver’s 
feelings and attitudes in daily life. In the experiment, although only 
the gesture animation was displayed on the external interface of 
the autonomous vehicle, the participants could still feel the "driver" 
emotion and think that they are communicating with a "person". 
According to the participants: 

(P31) "In addition to their original meanings, gestures can also ex-
press the driver’s mood and personality. I care about the driver’s 
attitude when it comes to yielding, but I don’t care about the 
driver’s attitude when it comes to not yielding. Y1 and Y3 
feel friendly, while Y2 waves back and forth to give a sense 
of urging, which I don’t really like. The lights just have color 
diferences and make it feel emotionless. Someone gesturing 
to me gives me a strong sense of security, even if I completely 
cannot understand the meaning of the gesture." 

(P26) "Some gestures always give me a feeling of being forced, such 
as Y2, which makes me uncomfortable. I want it to be my free 
choice whether I cross the road or not." 

(P18) "Gestures enhance my sense of familiarity and give me psycho-
logical comfort because I feel that I am communicating with 
the vehicles." 

(P25) "Today was the frst time I’d seen an AV with gestures; it wasn’t 
as scary as I thought it would be, and I felt more relieved as if 
a driver is driving." 

In the last questions of the interview, a majority (N=19) of the 
respondents indicated an increased level of trust in the autonomous 
vehicle after the experiment. Additionally, they expressed conf-
dence in the vehicle’s ability to efectively convey its intentions 
to pedestrians. The majority of participants (N=26) showed agree-
ment with the potential use of gestures as a means of facilitating 
communication between autonomous vehicles and pedestrians in 
future scenarios. This tendency was primarily infuenced by good 
experiences during the experiments. 

To understand the infuencing factors of participants’ ranking of 
gestures, We adopted grounded theory in the qualitative analysis[60], 
reviewing and labeling the emerging codes in an iterative process. 
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The lead author conducted inductive coding of the data and dis-
cussed the resulting themes with other co-authors to identify prin-
cipal themes from the data. The primary codes included: Clarity 
of gestures, familiarity with gestures, politeness of gestures, and 
so on. The whole research team reached a consensus on the fnal 
themes. 

5 STUDY 2: SURVEY 
"Given the inherent costs of real-world validation testing, efcient 
methods for early stage concept assessment are highly desirable 
for narrowing in on designs that are promising and setting aside 
those less likely to prove out."[31]The previous virtual reality ex-
periments convincingly demonstrated the feasibility of utilizing 
gesture interaction in AVs and pedestrian interaction scenarios. To 
receive a broader range of viewpoints from the population and to 
gauge the acceptance of gesture interaction in a wider context, we 
conducted additional research utilizing a web-based questionnaire, 
building upon previous experiments. 

5.1 Survey Design 
This questionnaire research categorizes gestures into three dimen-
sions for evaluation: clarity, familiarity, and politeness. Clarity 
refers to how clearly the gesture expresses intentions. Familiar-
ity refers to how familiar the gesture is in daily life, and politeness 
refers to how polite the gesture is in expressing intentions. The 
Gesture Research Questionnaire collected basic demographic in-
formation of participants alongside evaluations of three gesture 
dimensions in a two-by-two comparison format. Participants were 
also asked to rate various gestures on the three dimensions (clar-
ity, familiarity, politeness) using a two-by-two comparison rating. 
Technical term abbreviations were explained upon frst use. The 
text adheres to all given principles and requires no further revision. 

The Analytic Hierarchy Process (AHP) is a renowned method 
for decision-making, initially proposed by American operations re-
searcher Saaty in the early 1970s. It involves decomposing decision-
making elements into levels such as objectives, criteria, and options, 
which are then qualitatively and quantitatively analyzed through 
pairwise comparisons [28, 54, 66]. In this questionnaire study, an 
evaluation model was developed using the AHP method. Partici-
pants’ scores for three-dimensional weights and multidimensional 
scores for each gesture were obtained by the two-by-two compari-
son method. To construct a unifed judgment matrix, group opinions 
were harmonized by calculating the geometric mean. Additional 
analysis provided the three-dimensional scores for judging the 
gestures, as well as the scores of diferent gestures on the three di-
mensions. The results of the specifc data analysis will be presented 
in the following sections. Additional information on questionnaire 
design and analysis can be found in the attached appendixA. 

5.2 Respondent Recruitment 
The survey has been approved by the local university’s Institutional 
Review Board (IRB). The survey was distributed via the Internet 
and was accessible to all respondents through an anonymous link. 
Since respondents played the role of pedestrians in the study, there 
was no screening for categories such as gender, age, and occupation, 
which allowed a wider range of people to participate in this survey. 

As an incentive to participate in the survey, all respondents whose 
questionnaires were verifed as valid were rewarded with about 
$0.7. 

Table 3: Participants demographics of Study 2 

Age group Number Proportion 

12-18 
19-25 
26-45 
46-60 

60 and above 

26 
206 
70 
45 
6 

7.37 % 
58.36% 
19.38% 
12.75% 
1.70% 

Gender group Number Proportion 

Male 164 46.46% 
Female 189 53.54% 

5.3 Data Quality 
In this questionnaire study, several measures were taken to ensure 
data quality. Questions were phrased in everyday language to fa-
cilitate comprehension. For better visual understanding, moving 
images with gestures were included in the questionnaire. Moreover, 
participants were informed that data collection was completely 
anonymous to prevent bias. Two questions were included in the 
questionnaire to eliminate the possibility of machine answers. Ad-
ditionally, any questionnaires that were completed too quickly or 
took too long were deemed invalid (Less than 2 minutes or over 30 
minutes) . 

5.4 Respondent Demographics 
We distributed 394 questionnaires to the general public via the 
Internet. We removed 41 invalid questionnaires, leaving 353 valid 
responses after a consistency test. The participants included 164 
males and 189 females from various regions of mainland China. 
They ranged in age, with a larger proportion falling in the 18-25 
age group. See the table for precise demographic information. 

5.5 Result 
After analyzing the data, we obtained the participants’ ratings for 
each gesture. In the following, we will discuss the ratings of the 
diferent gestures and the diferences between the three rating 
dimensions of the gestures in the diferent age groups. 

5.5.1 Total score for gestures. 
For yielding gestures, the gesture with the highest score was Y2, 
followed by Y3, while Y1 and Y4 scored lower and closer, combin-
ing the weights of the three dimensions as well as the scores. In 
terms of clarity, gesture Y2 performed the best, followed by Y3, Y4, 
and Y1. The gesture with the best familiarity was Y2, followed by 
Y3, Y4, and Y1. Y4 scored highest on politeness, followed by Y1, 
while Y2 and Y4 scored lower and closer. Combining the above 
data, Y2 receives the highest overall score and ranks frst in both 
clarity and familiarity but falls short in politeness and ranks third. 
The yield gesture Y3 comes in second and has an obvious edge 
in politeness. The Y1 yield gesture ranks third. It scores poorly in 
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the clarity and familiarity categories but has some advantage in 
politeness. Yielding Gesture Y4 ranked fourth and did not perform 
well in any of the three dimensions. For the non-yielding gestures, 
the gesture with the highest score was N1 (T-gesture). N4 and N2 
received the second and third highest scores, respectively, while 
N3 was the non-yielding gesture with the lowest total score. The 
clarity scores for N1 and N4 were higher and closer, and the clarity 
scores for N2 and N3 were lower and closer, with N1 gesture having 
the highest clarity score and N3 the lowest. Regarding familiarity, 
N1 and N4 scored the highest, while N2 and N3 scored lower and 
similar. Regarding politeness, N1 performed best, while the other 
three gestures showed little diference in this level. Summarizing 
the data, the highest total score was obtained by the N1, which 
performed best in three dimensions, with a more obvious advan-
tage. The non-yielding gesture N4 ranked second, showing better 
performance in the dimensions of clarity and familiarity but no ad-
vantage in politeness. The non-yielding gestures N2 and N3 ranked 
third and fourth, respectively, and did not perform well in all three 
dimensions. 

5.5.2 Age diferences in three evaluation dimensions. 
Other noteworthy phenomena were discovered during the data 
analysis. When evaluating the importance of the three gesture di-
mensions, the 12-25 age group emphasized familiarity, while the 
25-45 and 45+ age groups emphasized politeness. In the case of 
yielding gestures, Y2 and Y3 were found to be dominant, with only 
a small diference between them. The gesture Y3 is more popular 
among the older age groups because the older age groups place 
more value on the politeness of the gesture, and Y3 has a clear ad-
vantage in terms of politeness. Thus, the phenomenon is observed 
that younger people prefer Y2 and older people prefer Y3 as the 
optimal gesture. Opinions on the non-yielding gesture were con-
sistent across age groups, with N1 considered optimal and specifc 
rankings agreed upon. No statistically signifcant diferences in the 
gender dimension were found in the study results. 

6 DISCUSSION 

6.1 Specifc receiver and clear content 
Our fndings show that the clarity regarding the recipient of the 
signal is paramount in the interaction between pedestrians and AVs. 
Among various eHMI methods, gesture-based eHMI stands out as a 
more efective means of communication. Pedestrians can promptly 
discern that the AV engages with them through gestures. 

Firstly, it is crucial to address the issue of some participants need-
ing help to grasp the role of lighting signals. This could stem from 
the deeply ingrained habits formed throughout pedestrian-driver 
interactions since the automobile’s invention. Alternatively, the de-
fault understanding in trafc scenarios might be that only humans 
can interpret gestures. Consequently, when a gesture-based eHMI 
initiates a signal, it instantly captures the attention of other nearby 
individuals. In contrast, the lighting of the eHMI lacks clarity for 
the message receiver. This is due to the ubiquity of lighting applica-
tions in contemporary life, resulting in light signals lacking distinct 
receivers. Lights assume various roles in artifcial objects, such as 
status indicators or decorative elements. Consequently, pedestrians 
might mistake the car’s lights and light bars for mere adornments. 

Some participants even perceived the light eHMI on the AV as an 
indicator of the vehicle’s status or a means of signaling to other 
vehicles. In real-world scenarios, a vehicle’s lights 10 meters away 
struggle to draw pedestrians’ attention.[58] Additionally, it is cru-
cial to ensure that pedestrians can perceive the signals the eHMI 
emits after drawing their attention to them. In the case of gesture-
based eHMI, the recognition of actions plays a pivotal role in its 
efectiveness. The design should make gestures with distinct inten-
tions easily distinguishable, especially from a distance. Beyond a 
specifc range, the eHMI may fail to convey the message, regardless 
of the gesture. Nevertheless, adjusting factors such as the gesture 
range, repetition frequency, display position on the car body, and 
skin color may alleviate this issue. In the future, designers should 
prioritize these factors when developing gesture-based eHMIs. 

6.2 Overlapping semantics 
The importance of avoiding pedestrian misinterpretation of vehicle 
intentions stems from the potential overlap in semantics between 
gestures and lights. In specifc scenarios, people associate a par-
ticular signal with a specifc meaning over an extended period. 
Consequently, introducing new semantics for the same signal in 
a diferent context can lead to confusion and resistance among 
individuals. Furthermore, the correspondence between colors and 
intentions only sometimes aligns with common expectations, and 
participants explained these discrepancies. For instance, in con-
ventional vehicles, red lights have traditionally been used as brake 
lights, leading people to associate red lights with braking. How-
ever, red lights on other artifcial objects often signify standby or 
inactivity. Thus, using red lights in vehicles, eHMI may convey 
contradictory meanings, potentially bafing participants. 

Some gestures exhibit more complex overlapping semantics com-
pared to lights. For instance, Y1 might convey "ok," Y2 could sig-
nify "get out of the way," Y3 may denote "please," while N1 could 
express both "pause" and "technical foul." N3, on the other hand, 
encompasses meanings such as "hello," "goodbye," and "no," and 
N4 may convey "reject," "error," "warning," and so on. Notably, not 
all gestures with overlapping semantics are equally prone to mis-
understanding by pedestrians. For gestures like Y2, Y3, N1, and 
N4, their multiple meanings are often interconnected, making it 
easier for individuals to relate them to the vehicle’s intent in trafc 
scenarios. This could explain why certain gestures perform as well 
as, or even better than, light-based eHMI. However, the overlapping 
semantics of some gestures can be exceptionally confusing, as seen 
with the N3 gesture. Drawing parallels between the semantics of 
"hello," "goodbye," and "do not" is challenging. The meaning of this 
gesture varies substantially across diferent scenarios and lacks a 
fxed interpretation in trafc contexts. Consequently, pedestrians 
frequently struggle to correctly interpret this gesture, sometimes 
even more so than an empty vehicle. They tend to misinterpret 
the intent to yield as the intent not to yield, leading to increased 
observation and hesitation times when encountering such gestures 
on two occasions, further exacerbating their confusion. Conversely, 
gestures like Y4, which are less common in daily life, are quickly 
understood by pedestrians once they learn their meaning. There-
fore, when designing gestures for vehicle eHMI, it is crucial to 
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consider whether a gesture already carries widely accepted mean-
ings, whether these meanings share commonalities, and whether it 
might be necessary to create entirely new gestures. Please do so to 
ensure clarity among pedestrians. 

6.3 A polite gesture or a commanding light? 
Gesture-based eHMI holds a signifcant advantage over light-based 
eHMI due to the diferent modalities, as it can convey a broader 
range of information. While lights are limited to just two colors, 
red and green, and ofer relatively simple messages, such as "yes" 
or "no," "go" or "stop," gestures can convey semantic, directional, 
emotional, and attitudinal information. Participants who prefer 
light-based eHMI argue that it is more efcient. They contend that 
they can quickly discern the car’s intentions by simply remember-
ing the meanings of cyan and red lights. They spend more time 
observing gesture-based eHMI, as extracting visual information 
from gestures is perceived as a slower process. AV lighting eHMI, 
with its color information and fashing patterns, allows pedestrians 
to grasp the situation rapidly. In contrast, processing additional in-
formation from gesture-based eHMI takes more time. It is acknowl-
edged that simplicity trumps complexity in this context, making 
gestures less efcient. Data from Study 1 show that the hesitation 
time for Y0 and N0 gestures is notably low. However, it is essential 
to recognize that pedestrians are not machines but humans with 
cognitive processes. Combining quantitative and qualitative data, 
we discover that eHMI not only objectively infuences pedestri-
ans’ success rates when crossing intersections but also afects their 
perception of risk. Specifcally, gesture-based eHMI tends to make 
pedestrians feel safer during intersection crossings. Nevertheless, 
when it comes to the "better" gestures, there is no signifcant dif-
ference in understanding difculty, observation time, or hesitation 
time compared to light-based HMI. Study 2 reveals that politeness 
is crucial, particularly for individuals aged 25-45 and those over 
45. The politest gestures, "Y3" and "N1," received high ratings in 
both studies. The utilization of gesture-based eHMI facilitates the 
interaction between pedestrians and AVs through the involvement 
of an anthropomorphic "agent", conveying the intentions of AVs to 
pedestrians, as well as engaging in mutual exchanges with them 
through gestures. This is similar to the real trafc scenario in daily 
life. Pedestrians will not consider the action directed towards them 
as coming from an inanimate device, namely an AV. Instead, they 
will view the virtual "driver" as a human being who is carrying out 
interaction and providing responses to the information transmitted 
by the "agent". Furthermore, gesture-based eHMI will enhance the 
safety of pedestrians and gain their trust due to the trust people 
have in real drivers. 

6.4 Learning during experiencing 
When comparing pedestrians’ performance in encounters with dif-
ferent eHMIs over three instances, we discern some diferences in 
their interactions with autonomous vehicles equipped with various 
eHMIs. Participants tended to learn during experiencing. Difer-
ent eHMIs exhibit varying learning costs, manifesting in distinct 
performance levels during initial encounters. Moreover, there are 
discernible diferences in learning rates, with pedestrian perfor-
mance improving as the number of encounters increases. 

Regarding learning costs, the study suggests that the more fa-
miliar an eHMI is in daily life, the lower the associated learning 
cost [33]. Pedestrians perform better during their initial encounter 
with eHMIs resembling familiar displays. Light-based eHMI, a rela-
tively standard and recognizable format, yields shorter hesitation 
times when it appears for the frst time, as exemplifed by "Y0." Its 
resemblance to everyday trafc lights contributes to this familiarity. 
Similarly, when pedestrians encounter an unfamiliar gesture-based 
eHMI for the frst time, gestures commonly used in daily life incur 
lower learning costs and are grasped more swiftly. For instance, 
in Study 1, pedestrians exhibited the shortest observation time 
when frst encountering "Y2," a gesture frequently used in daily life. 
The fndings in Study 2 corroborate this observation, particularly 
with "Y2" performing exceptionally well in a survey based on a 
questionnaire, which entails only one repetition. 

Concerning learning rates, it is evident that diferent eHMIs ex-
hibit distinct tendencies. Light-based eHMI mainly conveys inten-
tions through colors and logo animations, fostering stable learning 
and memory of abstract graphics associated with vehicle intentions. 
For instance, the decrease in understanding difculty and hesitation 
time for "Y0" follows a nearly linear trend. Even unusual gestures 
have the potential to be rapidly learned and accepted. Take "Y4" 
as an example: despite its initial lack of familiarity, it impressed 
pedestrians due to its straightforward and easily recognizable char-
acteristics, coupled with instructions that lacked overlapping se-
mantics with the direction of pedestrian movement. As a result, 
"Y4" exhibited that it is learned the best by participants, performing 
exceptionally well by the third encounter. 

6.5 Future work and limitations 
This research has several limitations. Firstly, our VR experiments 
focused only on the interaction between autonomous vehicles and 
pedestrians, excluding other trafc participants. Future research 
needs to investigate the interaction efects of autonomous vehicles 
using gesture-based eHMI in more complex mixed trafc scenarios, 
involving pedestrians, cyclists, and other non-autonomous vehi-
cles. Additionally, one of the challenges in the development of 
autonomous vehicles is the "open set" nature of the environment, 
with countless factors that could pose challenges. Pedestrian behav-
ior varies widely, and future work should explore whether diferent 
factors, such as diferent speeds, day or night conditions, single 
or multiple pedestrians, impact the interaction with autonomous 
vehicles. 

Furthermore, we were interested in combining lighting and ges-
tures to see if there would be better results. However, due to the 
eight diferent gestures used, combining them with lighting or other 
types of eHMI would result in a large number of experimental con-
ditions. This would make the participation time in VR experiments 
very long and could easily lead to dizziness or nausea. Attempt-
ing to combine gestures and lighting and testing their efects is 
undoubtedly a promising avenue for future research. 

Similarly, during the internal testing phase of the experiment, we 
attempted to have participants stand and wear VR headsets, physi-
cally walking in the real world to control the motion of their virtual 
pedestrian avatar. However, we found this to be severely limited 
by physical space and hardware constraints, leading to signifcant 
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discomfort and difculty for participants to complete the entire 
experiment. Therefore, we ultimately modifed the experiment de-
sign to have participants sit and observe approaching autonomous 
vehicles, using buttons to control their pedestrian avatar. We raised 
the initial height of the frst-person camera to ensure consistency 
between the seated perspective and the normal walking perspec-
tive. In future research, the use of VR walking simulators, such 
as fat-based or bowl-based omnidirectional treadmills [37], may 
yield better results to ensure immersion and measure changes in 
pedestrian walking speed and direction. 

Secondly, we were unable to address the issue of gesture-based 
interaction interfaces being difcult to identify and understand 
when the vehicle is far from the pedestrian. In VR environments, 
due to issues such as resolution and texture, it is challenging for 
the human eye to discern signals from several tens of meters away. 
This problem may improve in the real world, but it remains a focal 
point for future work. If interactions between pedestrians and au-
tonomous vehicles can occur at greater distances, it would provide 
more space and reaction time for all trafc participants. 

Since this study was conducted only in China, some of the chosen 
gestures may not be applicable in other countries or regions. Future 
research could further explore cultural diferences and broaden 
the scope of experiments. In the survey study, we only selected 
age and gender as common indicators to analyze preference difer-
ences among diferent demographics. However, education, driving 
qualifcations, and other indicators could also lead to preference 
diferences. Due to the questionnaire of study 2 being distributed 
on internet platforms, participants may tend to be relatively young, 
and the gesture score may not represent the preferences of a more 
diverse population. Nevertheless, our investigation into age difer-
ences provides insightful fndings. Future work could explore the 
impact of diferent gestures in a more diverse population. 

In future work, to further validate the efectiveness of gesture-
based eHMI, it is inevitable to work within actual vehicle systems. 
Nowadays, automotive manufacturers are already experimenting 
with augmented reality projections to display content on car win-
dows, achieving high visibility, as demonstrated by the BMW i 
Vision Dee at CES 2023 1. However, accepting gestures that pro-
hibit crossing for many accustomed to crossing in front of vehicles 
may be challenging. It will take time for people to adapt to ob-
serving signals conveyed by the eHMI of AVs at intersections to 
understand the vehicle’s intent and take action. Of course, this also 
requires cooperation with local policies and laws. Nevertheless, this 
is undoubtedly a trend in the future development of AVs, providing 
a means for AVs to communicate with pedestrians. 

7 CONCLUSION 
Eight eHMI were designed based on common gestures to convey 
an autonomous vehicle’s intention to yield or not yield at an uncon-
trolled crosswalk. Through VR experiments (N1 = 31) and online 
surveys (N2 = 394), we found signifcant diferences in usability be-
tween gesture-based eHMIs compared to other eHMIs.We explored 
the reasons for the diferences in eHMI efects. The signal recipient 
is not clear, which will result in confusion. Whether the gestures are 
clear, polite, and familiar to pedestrians is taken into consideration 

1https://www.bmwgroup.com/en/news/general/2023/i-vision-dee.html 

by pedestrians. We encourage designers and researchers to support 
interactions between autonomous vehicles and other road users 
through understandable gesture-based eHMI and suggest potential 
opportunities and future research directions. 
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Figure 10: Boxplots for (a),(b),(c),(d) by eHMI designs applied 
by AVs with yielding intentions 
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Figure 11: Participants’ performances about (a),(b),(c),(d) by 
encounters AVs with yielding intentions 
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Figure 12: Boxplots for (a),(b),(c),(d) by eHMI designs applied 
by AVs with non-yielding intentions 
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Figure 14: SCR_Peaks_N by eHMI designs 

Figure 15: The Hierarchy Model of Gesture 

Figure 16: The score of gestures 

Figure 13: Participants’ performances about (a),(b),(c),(d) by 
encounters AVs with non-yielding intentions 
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Figure 17: Diferences in weight of three dimensions for dif-
ferent ages 

Figure 18: The semantics of gestures 
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A SUPPLEMENTARY NOTE TO STUDY 2 

A.1 Introduction 
This document provides further explanation of the design and analysis concerns in the STUDY2, questionnaire research section. 

A.2 Questionnaire Structure 
The questionnaire initially obtained basic demographic information from participants, including age and gender. Subsequently, the question-
naire classifed the factors for evaluating gestures into clarity, familiarity, and politeness. The questionnaire requested participants to assess 
these three dimensions of evaluating gestures by comparing them in two-by-two scenarios and by rating various gestures on the three 
dimensions (clarity, familiarity, and politeness) in two-by-two comparisons [29, 55, 67]. 

Figure 19: Questionaire Structure 

The questionnaire participants were given clarifcation on the three dimensions beforehand. Clarity, which measures the clarity of the 
gesture in expressing intention. Familiarity, which measures the degree of familiarity with gestures in everyday life. Politeness, which 
measures the politeness of the gesture in expressing intention. 

A.3 Questionnaire Design 
A.3.1 Data Qality. 

Several measures were implemented to ensure data quality in this questionnaire study. The questions were written in simple, understandable 
language to aid comprehension, and the questionnaire included motion pictures with gestures to improve visual understanding. Additionally, 
participants were informed that the data collection was completely anonymous to avoid bias. Furthermore, two questions were included in 
the survey to eliminate the possibility of machine responses. Lastly, any questionnaire that was completed too hastily or took an excessive 
amount of time was deemed invalid. 

A.3.2 Topic Design and Analysis Methods. 
Analytic Hierarchy Process (AHP) is a renowned method for decision-making, initially proposed by American operations researcher, 

Saaty, in the early 1970s. It involves decomposing decision-making elements into levels such as objectives, criteria, and options, which 
are then qualitatively and quantitatively analyzed through pairwise comparisons. The initial step involves structuring the problem into a 
hierarchy (Figure 21). The highest level entails selecting the optimal yielding and non-yielding gesture. The second level comprises three 
criteria that contribute to achieving this goal. The third level consists of eight gestures that need to be evaluated considering the criteria of 
the second level. 

The second step is to construct a comparative judgment matrix. A comparative rating matrix is created by comparing factors two-by-two, 
using the criteria from the previous level. �� � may be utilized to express the relative importance of the ith and jth elements, with a typical 



CHI ’24, May 11–16, 2024, Honolulu, HI, USA Xiang Chang, Zihe Chen, Xiaoyan Dong, Yuxin Cai, Tingmin Yan, Haolin Cai, Zherui Zhou, Guyue Zhou, and Jiangtao Gong 

Figure 20: The hirarchy model of gesture 

value range of 1-9 and their reciprocal. The resulting �� � values constitute the judgment matrix, which is also known as the comparison 
matrix. For instance, the second layer of the three evaluation dimensions will be compared in pairs to obtain the relative importance of the 
three dimensions. Additionally, the gestures are compared in pairs again, this time under the clarity dimension, to determine the relative 
importance of each gesture under that dimension. To make it easier to understand, each comparison is designed as a slider input. 

Figure 21: STEP2-1 Dimension Comparison 

Figure 22: STEP2-2 Gesture Comparison 

The third step involves conducting hierarchical single ranking and its consistency test. By obtaining a characteristic equation for each 
comparison judgment matrix, the equation can then be solved to give the solution vector and regularized, forming an importance ranking of 
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factors at the same level with comparable factors at the previous level. For example, after determining the relative importance of the three 
dimensions at the criterion level, the judgment matrix is processed to obtain the fnal solution vector which refects the weight share of each 
dimension for selecting the optimal gesture. The process is then repeated to determine the score of each gesture in terms of clarity within 
the clarity dimension. 

The fourth step involves conducting a hierarchical total ordering and a consistency test. This requires calculating the relative importance 
of all elements within the same level to the target level. The resulting hierarchical total ranking must be tested for consistency to guarantee 
the reliability of the fndings. After completing the aforementioned steps, the calculation process yields the weights of the three dimensions, 
scores for each gesture in each dimension, and, ultimately, the overall score for each gesture. Prior to score calculation, it becomes necessary 
to unify the group opinion by processing the geometric mean to establish a unifed judgment matrix. 

Figure 23: STEP3+4 Gesture Scoring 

A.4 Questionnaire Design 
The survey was formulated using the AHP analysis technique, resulting in questions being presented in a two-by-two comparison format. 
This approach obtains the assessors’ assessment of the signifcance of the three dimensions and the efectiveness of each gesture in each 
dimension, allowing the researchers to achieve a more exhaustive analysis of the gestures. This approach obtains the assessors’ assessment 
of the signifcance of the three dimensions and the efectiveness of each gesture in each dimension, allowing the researchers to achieve a 
more thorough analysis of the gestures. 
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