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Figure 1: HoloBoard in a regular lecture-based class (recorded by an 8K Panoramic Camera) 

ABSTRACT 
In this paper, we present HoloBoard, an interactive large-format 
pseduo-holographic display system for lecture based classes. With 
its unique properties of immersive visual display and transparent 
screen, we designed and implemented a rich set of novel interaction 
techniques like immersive presentation, role-play, and lecturing be-
hind the scene that are potentially valuable for lecturing in class. We 
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conducted a controlled experimental study to compare a HoloBoard 
class with a normal class through measuring students’ learning 
outcomes and three dimensions of engagement (i.e., behavioral, 
emotional, and cognitive engagement). We used pre-/post- knowl-
edge tests and multimodal learning analytics to measure students’ 
learning outcomes and learning experiences. Results indicated that 
the lecture-based class utilizing HoloBoard lead to slightly better 
learning outcomes and a signifcantly higher level of student en-
gagement. Given the results, we discussed the impact of HoloBoard 
as an immersive media in the classroom setting and suggest several 
design implications for deploying HoloBoard in immersive teaching 
practices. 

CCS CONCEPTS 
• Human-centered computing → Mixed / augmented reality. 
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1 INTRODUCTION 
Recent advances in understanding new instructional technolo-
gies (e.g., interactive whiteboard, VR, AR) indicate a need to re-
think how to incorporate active learning into traditional lectur-
ing [6, 7, 36, 42, 47, 84]. With rapid growing and diverse applica-
tions, emerging displaying and interaction technologies have seen 
potential to scale in classroom adoptions. Indeed, their role in edu-
cation is attracting increasing attention and is continuously verifed 
in various contexts, e.g., virtual experiment simulation [4, 23, 27], 
AR-based word learning [42, 84]. However, traditional immersive 
hardware such as Head Mounted Displays (HMDs) are not entirely 
suitable for the promoting and applying AR/VR in lecture-based 
classroom environments. These hardware might cause visual and 
body discomfort while wearing them, difculties in facilitating col-
laborations, dangers of collision during multiplayer mode, and the 
costly operation/maintenance of the headsets [70]. 

This paper paid attention to teaching boards, which have been 
used as essential venues to display curriculum materials and help 
teachers communicate with a large audience in classrooms. Teach-
ing boards have been evolving towards being more functional and 
interactive in enhancing pedagogical performance [61]. In this work, 
We present a novel concept of HoloBoard, a pseudo holographic 
based immersive teaching board system with a large-format trans-
parent display. Pseudo holographics are of interest in science, retail 
and exhibition applications in recent years. It ofers a pseudo 3D 
image to see near its surface by the refected light of the dedicated 
projector. HoloBoard exploits such capabilities and aims to make 
lecture-based classes more attractive by blurring the boundary be-
tween physical classroom and digital learning content, enabling 
immersive content display. In comparison with AR/VR, HoloBoard 
is advantageous in that its setup does not require everyone to wear 
an HMD, and ofers rich interaction possibilities such as co-located 
mixed reality collaboration with face-to-face communication and 
natural eye-contact. Our work to reach the goal is two-fold: 1) 
interaction designing of HoloBoard, and 2) verifying its efect in 
engaging students in lectures. 

The unique visual experiences of watching pseudo 3D images 
empower us to design a set of interaction techniques that are po-
tentially valuable for lecturing in classroom. To do so, we adopted a 
user-centric design thinking process (e.g., interview, brainstorming) 
to excavate teachers’ requirements for an immersive teaching board. 
With the resulting design considerations, we developed the proto-
type of HoloBoard associated with advanced interaction techniques 
ranging widely from immersive presentation to augmented role-
play to see-through virtual interactions. Next, to understand how 

the presentation and interaction of HoloBoard could help teaching 
and engaging students in lectures, and to give insights on practical 
deployment of HoloBoard, we carried out a second study in two 
actual classes with HoloBoard and a regular digital whiteboard, 
respectively. We used pre-/post- knowledge tests and multimodal 
learning analytics techniques to measure students’ learning out-
comes and learning experiences. Results showed that HoloBoard 
classes created a signifcantly more positive learning atmosphere, 
lead to signifcantly higher student engagement, and resulted in 
slightly better learning outcomes. Given these, we discussed the 
impact, design implications and practices of such immersive media 
in classrooms. 

The paper made the following contributions: i) HoloBoard as a 
novel large-format immersive teaching board in classroom, built 
upon pseudo holographic system; ii) design of interaction tech-
niques with HoloBoard that are potentially valuable for lecturing 
and engaging students; iii) a formal experiment that compared 
HoloBoard with a regular digital whiteboard and measured stu-
dents’ learning outcomes and learning experiences; iv) insights on 
deploying HoloBoard in classrooms. 

2 RELATED WORK 
Our related work include works which inspired the HoloBoard 
concept such as immersive teaching technologies, interactive tech-
nology for learning, in-class engagement, and multimodal learning 
analytics. 

2.1 Immersive Teaching Technologies 
Lecture-based class leverages the naturalness of spoken communi-
cation and creates a social situation that makes both the lecturer 
and the audience engaged [14]. The role of teaching boards is crit-
ical in lecturing activities. The importance of teaching boards in 
the education domain has been thoroughly discussed, especially in 
displaying curriculum materials and enhancing pedagogical perfor-
mance [32]. Over the past decades, a signifcant body of research 
focused on the impact of Interactive Whiteboards (IWBs) [11] on 
learning [7, 47, 57, 90], noting their positive efects on student 
engagement, behavior [57], and learning outcomes [90]. 

Nowadays, immersive displaying technologies are getting promi-
nent in educational applications [4, 23, 27, 42, 84]. Virtual reality 
(VR) technology is entering mainstream consumer markets through 
products such as HTC Vive and Occulus Rift/Quest. Both educa-
tors and learners share positive attitudes towards using VR for 
educational objectives [56] and numerous studies have reported 
the benefts of VR in education, which include improving time-on-
task [39], enjoyment [4, 23], motivation [27, 74], and long-term 
retention [71]. Researchers have found that immersive VR has an 
advantage over the desktop systems when the tasks involved “com-
plex, 3D, and dynamic” content [56]. 

Augmented reality (AR) technology has made signifcant ad-
vances over recent years. Many previous AR systems for education 
focused on using HMDs, mobile phones, or projectors to enhance 
learning equipment or environments for students in studying a 
wide range of subjects, such as language [42, 84], chemistry [24, 77], 
and mechanic engineering [21, 41]. Some work explored augment-
ing teachers’ views to assist them with classroom routines (e.g. 
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evaluating student’s performance [36]). Overall, AR can support 
pedagogical processes (e.g., providing scafolding to students) and 
promote students’ engagement [6]. 

HoloBoard is built upon an alternative displaying technology, 
namely pseudo holographics, to enrich the interaction vocabularies 
around digital teaching boards for more substantial engagement. 

2.2 Interactive Technology for Learning 
The human-computer interaction and learning science community 
have long recognized the potential of interactive technology for 
increasing engagement, as they vastly broaden the possibilities 
for students to explore class materials and actively participate in 
learning processes. Simple student response systems (also know as 
‘clickers’), which ofer a small number of buttons for students to 
provide answers, were found to help students better get involved in 
large enrollment courses [82]. General purpose computing devices 
such as tablets support students participating in richer kinds of 
learning activities, including drawing [17], educational games [28], 
and simulated labs [62]. Experiments have confrmed their efects in 
improving engagement [17] and learning outcomes [35]. In addition, 
experimental interfaces such as tangible user interfaces [73, 89] 
and robots of varying form factors [64, 80] have been applied in 
classroom settings and shown their benefts for increasing stu-
dent engagement, enjoyment [64, 89], and sometimes learning out-
comes [73, 80]. 

A large body of research focused on encouraging students’ partic-
ipation through whole-body movements [29, 31, 46, 49, 52]. These 
eforts were supported by an embodied perspective of cognition, 
which asserts that human cognition is afected by the body’s inter-
action with the physical world [49, 67]. Additionally, whole-body 
interaction promotes student engagement as it ofers immersive 
experiences [1], facilitates social interaction in classrooms [46], and 
possibly transforms learning activities into performances [31]. For 
example, Kang et al. explored combining immersive displays, whole-
body interaction, and physiological sensing for teaching children 
knowledge about human body [46]. They found that the system 
enabled overall high levels of engagement and enjoyment, lively 
interaction between students, and strong learning potential. 

Leveraging the unique afordances of transparent holographic 
displays, HoloBoard enabled a new array of classroom activities 
to engage students, such as instructor role playing, large-format 
virtual demonstration and multi-user game, and double-sided inter-
actions between students/instructors or students/students. 

2.3 In-class Engagement and Multimodal 
Learning Analytics 

Many aforementioned studies [1, 17] have focused on using edu-
cational technology to improve student engagement because high 
levels of engagement can compensate for low academic achieve-
ment, negative afective states (e.g., boredom), and high dropout 
rates among students [26, 30]. 

It is widely accepted that engagement is a multifaceted concept 
with three dimensions: behavioral (active participation and involve-
ment in activities), emotional (positive reactions and feelings to-
wards teachers and work), and cognitive (eforts and concentration 
on completing work) engagement [26, 30, 79]. There are various 

ways to measure engagement in educational related studies. For 
example, the widely agreed upon student engagement signs for be-
havior engagement include upright or close posture, gaze and focus 
on the teacher or the task, and active participation in classroom 
discussion and they have been captured in the coding schemes 
used in [10, 38]. For emotional engagement, despite self-report, stu-
dents’ afective states are commonly used for analysis, which can 
be based on arousal and valence feature analysis [2, 19]. Classroom 
discourse analysis, cognitive level of speech, and the interactive 
nature of conversations have been used for measuring cognitive 
engagement [75, 79, 91]. More specifcally, previous studies in the 
feld of education and human-agent interaction have investigated 
various discourse attributes, including total speaking turns taken, 
total words spoken, and mean words per sentences [12, 79, 92]. 

Considering the rich signs of student engagement, we adopted 
multi-level multimodal learning analytics to analyze the classroom 
data. Multimodal learning analytics in education is an emerging 
branch of learning analytics, and it typically analyzes natural syn-
chronized communication modalities, including speech, gestures, 
facial expressions, gaze, and embodied actions [8, 63, 88]. Analysis 
of multimodal data can take place at multiple levels [63]. Taking 
speech as an example, it can be analyzed at the signal level (e.g., fre-
quency and loudness), activity level (e.g., number of words spoken), 
or other levels [63]. 

In addition, Oviatt et al. [63] suggested that such multi-level 
multimodal learning analytics can support a more comprehensive 
understanding of the complex learning process, such as the impact 
associated with implementing a new educational technology. There-
fore, we hope to obtain a deep view of the impact of HoloBoard on 
students’ in-class engagement by utilizing multi-level multimodal 
learning analytics. 

3 HOLOBOARD 
HoloBoard aims to provide unique and immersive lecturing tech-
niques with large-format pseudo holographics to engage students in 
learning processes. It was developed based on pseudo holographic 
projection, which was scalable in size and of a formfactor close 
to typical teaching board. We conducted interviews with 6 profes-
sional teachers to understand their teaching activities and require-
ments, which were then mapped to ten interaction techniques of 
HoloBoard. We built a working prototype of HoloBoard with the 
resulting design considerations. 

3.1 Concept Design 
To establish an initial understanding of traditional teaching activi-
ties and to better understand how the concept of HoloBoard can 
be incorporated into classrooms, we conducted a series of semi-
structured interviews with 6 school teachers (4 females, average 
of 5.58 years of teaching experience in English, Math, Physics or 
Music in primary school, middle school or high school). The inter-
views with the teachers were aimed to understand their teaching 
process and activities in classroom. Besides, in the interviews, we 
asked questions regarding their teaching strategies, multimedia 
equipments and supplementary materials used in class, their pre-
ferred teaching methods to handle diferent types of content, and 
approaches to interact with students in teaching. 
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All the interviews were audio-recorded and transcribed. In to-
tal, 350 minutes of audio materials were collected. The interview 
transcripts were analyzed using the open coding method [16]. Af-
terward, all codes were transcribed on sticky notes and arranged 
based on the teaching process via afnity diagramming (see Fig. 2). 

Figure 2: Afnity Diagram of Teaching Activities Interview. 

From the afnity diagram, we obtained the main fow of a typical 
lesson described as following steps: pre-class preparation (design-
ing the course content and preparing physical and digital materials), 
warm-up (sharing interesting audio or video clips), lecturing (slides 
sharing, writing, performing, and physical demonstration), teacher-
student interaction (answer questions and students’ presentation), 
and review (write down key takeaways on the blackboard or slide 
decks). During lecturing, we found that all the teachers have two 
basic requirements of teaching board: i) to display electronic teach-
ing content of various forms, such as slides, text and video display; 
ii) to support writing and freehand drawing. 

In addition to basic requirements, we found the teachers have 
advanced requirements to guide students’ imagination and enhance 
their attention. For instance, the teachers who teach primary school 
students tend to incorporate body language into teaching: T5 re-
ported that when she taught students arithmetic: “sometimes I also 
design exaggerated performances or teach them some specifc actions 
to remember this formula.” T6 used movement to deepen students’ 
understanding of rhythm: “I will tell them what kind of scenes they 
can imagine when they hear this music and then lead them to walk 
in the classroom following the rhythm of the music.” Besides, teach-
ers for classes that require demonstrations used tools and proxies 
such as physics lab equipment (Physics teacher), toy blocks (Math 
teacher), and musical instruments (Music teacher). These physi-
cal demonstration tools also could encourage students to engage, 
explore, experiment, and learn actively. 

3.2 Interaction Techniques with HoloBoard 
We incorporated the resulting fndings from the interviews and 
the unique presentation properties of pseudo holographics into 10 
interaction techniques that are potentially valuable for lecturing 
scenarios. 

3.2.1 Immersive Presentation. The pseudo holographic projection 
has the ability to create the illusion of 3D objects in volumetric 
space. The projection space is large, bringing immersive visual 
experiences to the audience. These features give HoloBoard a bunch 

of novel capabilities for large-format immersive content display 
(Fig. 3a), uniquely suitable for drawing large audiences’ attention 
with immersive visual presentations. This vivid and engaging visual 
experience is unique to the HoloBoard and can not be achieved 
with regular digital board. 

3.2.2 Lecturing Behind the Scene. HoloBoard allows teachers to 
lecture behind the teaching board, with digital sketches and writ-
ings foating between them and the students. Previous researches 
[43, 72] have demonstrated that real-time graphic overlays do not 
interfere with the natural conversational style of the presenter, 
allowing users to efortlessly enhance their communication with 
the audience, the HoloBoard takes advantage of this fexible and 
highly adaptable communication style. One technical challenge 
posed by the transparent interface are the inverted perspectives 
of the presenter and the audience. We designed a method of text 
reversal in order to display the correct text for the presenter and 
the audience simultaneously (Fig. 3b). 

3.2.3 Role-play. With the transparent display, students can see 
pseudo 3D images without losing sight of the presenter behind 
the HoloBoard. Thus, HoloBoard supports live action role play, 
during which teachers or students literally act out fctional roles 
within a narrative (Fig. 3c). Users behind the board are visually 
augmented by a digital the avatar overlay, which is animated in 
real-time according to the users’ movements. Users directly drive 
the generation or motion of graphics by performing specifc poses 
or gestures. This form of interactive and collaborative storytelling 
gives an immersive and complex sense of a narrative engagement 
to students. 

3.2.4 Aferimage. HoloBoard integrated techniques of motion vi-
sualization in order to convey complicated actions. In specifc, the 
system captures the motion of the presenter, and produces a visual-
ization of the spatiotemporal representations of the presenter as 
she moves through the space or gestures (as shown in Fig 3d). For 
instance, when teaching martial arts, taekwondo, dance, etc., the 
teacher can freeze his current action at any time as an afterimage. 
In this way, the teacher can give a detailed explanation of these 
movements enabling students to perform imitation exercises step 
by step, as necessary. 

3.2.5 Augmented Dashboard. Research indicates that teachers are 
interested in having access to real-time status of students [6, 36]. 
HoloBoard supports such applications by displaying students’ learn-
ing analytic information (e.g., test score, emotion) to teachers, un-
dated in real time. With HoloBoard, the student’s name and other 
relevant information is associated with each student, enabling teach-
ers to modify lesson plans spontaneously in accord with the chang-
ing needs of students, as indicated by various features of the aug-
mented overlay (e.g., changing name tag’s color). Additionally, the 
teacher can give interactive markers (e.g., praise) to individual stu-
dents by pointing to and clicking on the student’s name tag, as 
shown in Fig. 3e. 

3.2.6 Co-located Mixed Reality Collaboration. Due to its large-
format and transparency, HoloBoard supports high quality co-
located multi user interactions. HoloBoard also supports co-located 
users with face-to-face communication. Typically, with a digital 
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Figure 3: Interaction Techniques: (a) Immersive Presentation: large-format immersive content display; (b)Lecturing Behind the 
Scene: performing behind the teaching board with real-time special efects overlay and writing on both front and back sides; 
(c) Role-play: role-playing as a salesperson for situational language exercise; (d) Afterimage: teaching taekwondo and freeze 
the teacher’s current action as an afterimage; (e) Augmented Dashboard: the student’s name and relevant information foating 
around them on the dashboard; (f) Co-located Mixed Reality Collaboration: the user in front the screen can hit the virtual 
ball towards the backside of HoloBoard; (g) Physical to Virtual Interaction: users can throw a physical ball to the large-format 
screen. A virtual ball is created when the physical ball hits the screen and the virtual ball moves along the trajectory of the 
physical one rendering on the HoloBoard; (h) 3D Modelling with Elastic Haptic Feedback: users can perform 3D modeling tasks 
on the screen, while gaining haptic experiences like hands reaching into the scene;(i) Holographic Telepresence: displaying a 
remote teacher vividly in the current physical classroom; (j) Mirror World: displaying a digital twin of the physical world on 
the HoloBoard. 

whiteboard, two users both have to face the screen, obscuring face-
to-face communications, e.g., eye-contact is impossible. HoloBoard 
overcomes these obstacles of face-to-face communication, allowing 
users to stand on each side of the board, respectively, and shared a 
common use space with fully interactive contents. Because users 
can still see each other clearly, their communication remains natural 
and spontaneous, enhancing the co-located mixed reality collabo-
ration, as shown in Fig. 3f. 

3.2.7 Physical to Virtual Interaction. In typical classroom, students 
barely have the chance to interact with the digital contents on 
screen when they are seated. HoloBoard provides opportunities to 
interact with the screen in multiple ways. For instance, students in 
front of the screen can throw a soft ball onto the screen to make 
a selection or play games. Such method can be further extended 
by rendering a virtual ball that moves along the trajectory of the 
real one, thus letting the physical actions reach into the virtual 
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world. Previous researches[44, 45] also used surrounding projec-
tors to make physical object interact with virtual content and create 
an immersive gaming experience in a room space. This helps ex-
panding the interaction space of the students and creating realistic 
experiences with simulated scenes as shown in Fig. 3g. 

3.2.8 3D Modelling with Elastic Haptic Feedback. The projection 
screen of HoloBoard is made of gauze that has a certain elastic 
property. Previous work [34, 59, 87] have shown that operations 
in Z-direction on the screen and the haptic feedback of touching 
on elastic surfaces helped improving 3D content presentation and 
maneuvering experience, for instance, improving depth perception. 
HoloBoard is capable of supporting teachers and students to per-
form 3D modeling tasks on the screen, while gaining the haptic 
experiences like hands reaching into the scene as shown in Fig. 3h. 

3.2.9 Holographic Telepresence. Holographic telepresence is an-
other scenario that fts the use of HoloBoard [3, 53, 65]. This helps 
extending the face-to-face experience of in-class instruction to 
remote areas. In this case, it can serve as a medium for remote 
education and mixed remote panels, displaying remote teachers 
vividly in the classroom as shown in Fig. 3i. 

3.2.10 Mirror World. HoloBoard can serve as a medium for a co-
located virtual mirror world, displaying digital twin of the physical 
world. HoloBoard can elaborate on the learning benefts of the 
whole-body interaction based on mirror world, which has been 
shown efective for learning knowledge about the human body [46], 
physical experience in science learning [49], and other embodied 
learning. Diferent from the telepresence where users are remotely 
located and can not observe the environment and people on site, 
the mirror world technique allows the teachers and students to 
see themselves interacting with digital objects and be aware of the 
surroundings ( Fig. 3j). 

3.3 Prototype Development 
We built a working prototype of HoloBoard, with which we devel-
oped the demo applications enlightened from the aforementioned 
interaction design. 

3.3.1 Hardware and Sofware. The system of HoloBoard was de-
veloped in a classroom, and integrated the displaying and tracking 
components (Fig. 4). In terms of display, we used a 4m×3m large-
format projected screen made of translucent (semi-transparent and 
refective) material to display digital curriculum material in the 
front of the classroom. Behind the projected screen is the teacher’s 
stage. Moreover, to further immerse students into the scene, a light-
absorbing curtain is hung behind the stage, and 4 adjustable spot-
lights are put above the staging area to cast more light on the 
teacher. Thus, the observer can spot the people behind the screen 
while the projected screen displays. 

In terms of motion tracking, we used 4 SteamVR 2.0 base stations 
at the 4 corners of the classroom, one on each corner. Two of them 
were in front of the projection screen while the other two behind the 
screen. We asked the users to hold the HTC Handler to interact with 
the HoloGraphics with hands, and wear 4 VIVE trackers on the head, 
waist, left and right feet, respectively, to track their position and 
body motions. The system including the communication servers, 

graphic rendering, and demo applications were implemented with 
Unity. Many interaction techniques designed for HoloBoard shared 
the same set of displaying, tracking setup. 

3.3.2 Double-sided Rendering for HoloBoard. The key to creating 
an immersive holographics lies in real-time rendering of the posi-
tion, size and angle of the content with reference to changes in the 
observer’s position and perspective. We achieved this by converting 
the spatial position into the camera coordinate system of Unity, and 
calibrating the orientation and scale of the digital contents to be 
rendered based on the user’s position. Experimentally a point in the 
center of the classroom was selected as the "best" viewing spot for 
the students and teacher. It simplifed the calculations while guar-
antying the rendering respond to the user’s position and movement 
accordingly. 

3.3.3 Implemented Scenario. According to the interaction tech-
nique design in the former section, we implemented 12 scenarios 
for the working prototype as showing in Fig. 5 and our demo video. 

(a) Immersive Presentation by Displaying large 3D Content: When 
the teacher clicks the next/previous page on the controller, it 
will automatically jump to the next/previous slide. 

(b) Lecturing Behind the Scene: The teacher can manipulate the 
digital content fowing between the teacher and students by 
one or both controllers, with eye contact with students at the 
same time. 

(c) Writing Behind the Scene: The teacher can write freely with one 
controller behind the scene. The system displays the original 
text using a inconspicuous color for the presenter and gener-
ates another text reversal to display the correct text using a 
conspicuous color for the audience simultaneously. 

(d) Role-playing an Astronaut: The spatial positions of the con-
trollers and trackers worn by the teacher are mapped to a 2D/3D 
avatar model with an animated skeleton structure. When the 
teacher moves, the 2D/3D avatar model will be rendered on 
the projected screen right in front of the teacher and copy the 
teacher’s movement. This function is accomplished by con-
verting spatial coordinates into project coordinates based on 
students’ point of view. From the students’ view, the teacher 
is augmented by the avatar outft, which can also be used to 
trigger more animations. 

(e) Step-by-step Teaching with Afterimage: The teacher can make 
a pose and click the button on the controller to freeze his/her 
image/avatar on the current page of HoloBoard. 

(f) Augmented Dashboard of Students’ Status; By tracking the 
position of the teacher’s eye and students, each student’s name 
tag and other real-time learning information will appear above 
each student’s head. Furthermore, the teacher can give marks 
(like praise) to a certain student by clicking on the student’s 
name tag. 

(g) Co-located Mixed Reality Collaboration: The user can pass a 
virtual object towards another user on the other side by the 
controller with naturally eye contact at the same time, such as 
playing tennis, collaborative manipulation; 

(h) Physical to Virtual Interaction: The students can throw a physi-
cal ball into a virtual world displayed by HoloBoard. We tied 
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Figure 4: Hardware Composition of HoloBoard 

a vive tracker to the ball for tracking. When the physical ball 
contact the screen, the system create 

(i) 3D Modelling with Elastic Haptic Feedback: The user can create 
a new model in Z-direction on the screen by hold the controller 
into the HoloBoard. 

(j) Holographic Telepresence: The remote user can be pho-
tographed by the camera in real-time in front of the green 
screen, and after removing the background, it will be displayed 
vividly on the HoloBoard. 

(k) Mixed Reality Panel: The local users can sit behind the 
HoloBoard and conduct a mixed reality panel, discussion with 
remote users’ vivid telepresence on the HoloBoard. 

(l) Mirror World: The users can be photographed/captured by a 
camera, and blended, re-positioned, and resized into the digital 
mirror scene displayed by HoloBoard. 

4 EXPERIMENTAL STUDY 
To investigate whether HoloBoard can actually facilitate children’s 
learning (e.g., engagement and learning outcome) and explore the 
additional value it can ofer to a lecture-based class, a controlled 
experimental study was conducted. 

4.1 Course Design 
HoloBoard is designed as an essential teaching board, while hav-
ing a form diferent from the normal interactive whiteboards. We 
conducted a participatory course design process inspired by [68] 
to amplify the advantages of HoloBoard and design a course for 
experimental study. 

Five professional teachers (all females, avg. teaching experiences 
= 4.2 years in Literature, STEM or Arts in primary school, middle 
school or high school) got invited. HoloBoard’s designers inten-
sively conducted in-person and online participatory design work-
shops (over four formal workshops, each lasting 1-2 hours) within 6 
months (Jul 2020 - Dec 2020). Moreover, we collected the syllabuses, 

courseware, video recordings of lectures, and student work from 
previous similar courses from these participating teachers to better 
understand user scenarios. 

After rounds of discussion, teachers and researchers reached an 
agreement that topics about the outer space can be highly interest-
ing to young students. According to Piaget’s theory of cognitive 
development [40], children aged 6-9 are at the Concrete Operational 
Stage. In this stage, in general, children’s abstract thinking skills 
are still developing and they can only apply abstract concepts, (e.g., 
time, space) in concrete real-life situations. Therefore, with the 
large-format and highly interactivity, HoloBoard has the potential 
for facilitating children’s abstract learning by displaying the course 
content (i.e, space) in an intuitive way, benefting from 3D visual 
efects of planetary, interactive experiment platform, and situated 
role-play, etc. 

Eventually, a STEM course (i.e. Space Exploration) targeting 
six- to nine-year-old students was designed. The course focused 
on the characteristics of the eight planets in the solar system. In 
the course, students were invited to explore the eight planets in 
the solar system in order to fnd a habitable planet. Students were 
guided to think about questions including "why should humans 
explore Mars?" and “what kinds of planets are habitable?" The 
course adopted the inquiry-based science teaching method and was 
designed according to the 5E Instructional Model process [20]. 

Three main features of HoloBoard were adopted into the course: 
1) the teacher can role-play as an astronaut to roam the solar sys-
tem, and guide the students to learn the characteristics of the eight 
planets situationally; 2) the teacher can double-sided demonstrate 
the order of the eight planets interactively using virtual experi-
ment simulation; 3) the students can double-sided play multi-user 
game to test their knowledge about the characteristics of the eight 
planets. In the normal group, to maintain the fairness of the compar-
ison, the script of the classes was kept the same and the following 
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Figure 5: Implemented Scenarios of HoloBoard: (a) Immersive Presentation by Displaying large 3D Content; (b) Lecturing 
Behind the Scene; (c) Writing Behind the Scene; (d) Role-playing an Astronaut; (e) Step-by-step Teaching with Afterimage; (f) 
Augmented Dashboard of Students’ Status; (g) Co-located Mixed Reality Collaboration: hitting a virtual ball towards the person 
on the other side; (h) Physical to Virtual Interaction: throwing a physical ball into a virtual world displayed by HoloBoard; (i) 
3D Modelling with Elastic Haptic Feedback; (j) Holographic Telepresence; (k) Mixed Reality Panel; (l) Mirror World. 

adjustments to activities were made. For Feature 1, (AR-based role-
pay), in the normal group, the teacher also verbally pretended to 
be an astronaut (asking the students to imagine that she was an 
astronaut) and thus kept the teaching script the same. For Feature 
2 (double-sided demonstration), during learning the order of the 
planets, a similar demonstration of planet order was displayed on 
the interactive whiteboard in the control class (as depicted in Figure 

7(b)(e)). For Feature 3 (double-sided multi-use game), while sum-
marizing planetary habitability, the teacher mainly posed guiding 
questions (e.g., Is Mars a good place to live in?) and asked students 
to analyze from diferent dimensions (e.g., gravity and dangerous 
factors) in the two classes. The only diference is that in the normal 
group, a table summarizing the planet habitability was used while 
the interface of the VR multi-user serious game was used in the 
HoloBoard group. 
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Figure 6: Compared Experiment Environment set up: a) Nor-
mal group; b) HoloBoard group 

4.2 Site Preparation 
Besides HoloBoard setup, a traditional classroom with a regular 
interactive whiteboard (4K, 86-inch) was set up. Desks and chairs 
were arranged in fve groups. To facilitate data gathering, six cam-
eras were set up around the classroom. One 8K panoramic camera 
(TECHE360anywhere) was set up in the middle of the classroom. 
An audio recording device (iFLYTEK SR501) was also set in the 
experimental classroom. Furthermore, this research received IRB 
approval from our local institution. 

4.3 Participants 
36 participants (Female = 18, 15 in Grade 1, 15 in Grade 2, and 6 
in Grade 3, avg. age = 7.06) were selected upon a pre-experiment 
survey and a pre-test knowledge test. Most participants reported 
being exposed to digital devices like projectors, mobile phones, 
tablets, and PCs before. Approximately 78% of the participants 
mentioned preferences for these smart digital devices. Moreover, 
the participants were fairly interested (4.3 out of 5) in space related 
topics. Their motivation, engagement, and learning self-efcacy on 
average were at a slightly high level (15.5 out of 20). 

Besides, we invited one of the teacher subjects in the course 
design session to be our experiment teacher (T7, STEM teacher, 26 
years old, female, master’s degree in Education, 2 years of teach-
ing experience). This teacher teaching both HoloBoard group and 
normal group with same class script. 

4.4 Procedure 
We pairwise assigned the participant students (based on their gen-
der, age, grade, performance on the pre-test, interests in related 
topics, learning attitude, and past experience with technology) to 
either a control group (normal group) subjected to the traditional 
practice based on the normal lecture-based class, or an experi-
mental group (HoloBoard group) subjected to the practice within 
HoloBoard environment. In addition, we discussed the course out-
line with the teachers to further control their lecturing script for 
the two classes. 

Before the experiment, parents/legal guardians of the partici-
pants all signed the informed consent release form. During the 
experiment, the two groups of students were taught the same 
70-minute lecture featuring either the HoloBoard or the normal 
interactive whiteboard. The participants were seated in assigned 
small groups. After the experimental class ended, the experimenters 
conducted a one-on-one post knowledge test with each student 
participant. Each post-test took approximately 20 minutes. 

A pre-/post- knowledge test (See Appendix) was designed, iden-
tical for all participants, to check students’ knowledge of class 
content before and after the lecture-based class. The test consisted 
of 12 questions of diferent complexity and types (four single-choice 
questions, two multiple-choice questions, and six open-ended ques-
tions), each of which covered one or more cognitive learning objec-
tives of the class. The test was developed following the examples of 
usual primary school tests and was validated by the teachers. Each 
single-choice question is worth one point and each multiple-choice 
question is worth two points. The score for open-ended questions 
can range from 0 to 5 based on the rating rubric used in [54]. Thus, 
the full score of the pre-/post knowledge test was 38. 

4.5 Data Collection and Analysis 
Our data came from three primary sources: 1) the pre- and 
post-knowledge tests, 2) audio recording and transcripts of the 
HoloBoard class and the normal class, and 3) video recordings of 
the two classes. The knowledge test was used for learning outcome 
comparison analysis and the other two were for student in-class 
engagement comparison analysis. 

4.5.1 Pre-/post- Knowledge Test Data. Students’ answers to the 
single/multiple choices questions in the pre- and post- knowledge 
tests were scored by two researchers based on the right answers 
provided by the teacher. In addition, students’ answers to the open-
ended question were audio recorded, transcribed, and rated by two 
trained coders based on a rating rubric adapted from the Knowledge 
Integration rubric used in [54]. Two trained coders independently 
coded all students’ responses. The inter-rater Kappa was greater 
than 0.70 (p < .001). A third coder reviewed their ratings, and con-
sensus were eventually achieved. Then the total scores of each each 
students’ pre- and post-tests were calculated and compared. 

4.5.2 In-class Engagement Learning Data and Analytics. The learn-
ing data included video and audio recordings and transcripts of 
the two classes. The data source, analysis method, and purpose of 
analysis can be found in Fig ??. 

Video Data and Analysis. The video recordings of the two 
classes were mainly used for student behavioral and engagement 
analysis by manual coding. The coding scheme was adapted and 
integrated from [10, 37, 38, 66, 86], which pictured students’ reac-
tive behavior to the two teaching devices and refected students’ 
engagement in the classes. The three main categories of our codes 
are afective states (emotional engagement), classroom behavior 
and posture (behavior engagement). The detailed types and descrip-
tions, and operational defnition of students’ nonverbal behaviors 
are presented in Table 1. 

We selected three video clips from the HoloBoard and the normal 
classes, respectively, discussing the same topics (exploring planets’ 
characteristics, discussing the order of planets, and summarizing 
planetary habitability). While discussing the frst two topics, in the 
HoloBoard group, the two key features of the HoloBoard—AR-based 
role-play and VR simulator demonstration—were used respectively. 
As noted in the course design section, these activities remained 
comparable because they used similar scripts and both involve ele-
ments of role play and made use of the same images. To keep the 
comparability between the two classes, the video clip of children 
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playing the multi-user serious game on HoloBoard was excluded 
from the analysis. Furthermore, three random 10-second video clips 
were sampled and analyzed from the two classrooms’ six video 
recordings (see fg.7). The random sampling of short video clips 
has been widely used in prior literature for analyzing student inter-
action (e.g., [33] and [47]). Each participant was analyzed through 
90-second video data in which their nonverbal behavior was coded. 
All video clips were analyzed using the Noldus Observer XT soft-
ware. While coding the video clips, the type of nonverbal behavior 
of each student mentioned in Table 1 was identifed and marked by 
the coder in the Observer software, and the duration of each behav-
ior was automatically calculated and computed by the software. To 
calculate the length of each behavior, our unit of time was defned 
as 0.1 seconds. Two trained coders coded each student’s behavior 
based on the coding scheme independently. Inter-rater reliability 
was conducted on 22% of the video data, where the inter-rater 
Kappa was greater than 0.89 (p < .001). 

Audio Data and Analysis. The HoloBoard and the normal 
groups’ classroom discourses were recorded, fully transcribed, and 
analyzed. The audio recordings were used to conduct an acous-
tic analysis of frequency and loudness as references to student 
emotional engagement. The acoustic analysis was performed in 
pyAudioAnalysis. To better portray the change of student engage-
ment and compare the results of the two groups, we selected and 
computed the frst quarter of data of the two classes as a baseline. 

Transcript Analysis. The audio recordings of the two classes 
were fully transcribed. The transcripts were frstly used to compare 
the teachers’ speech type in order to confrm the efectiveness 
of controlling teachers’ lecturing script. The coding scheme of 
teachers’ speech was mainly adapted from FIAS [25]. As shown in 
Table 2, teachers’ initiated language was categorized into three main 
types: lecturing (e.g., giving information), directing (giving direction 
or instructions), and asking questions. Then, questions were further 
divided into close- or open-ended questions as previous research has 
shown that teachers’ questions have infuence on student cognitive 
engagement [50, 60, 75]. 

Focusing on students, we used the transcripts to analyze cogni-
tive and emotional engagement by both manual coding and algo-
rithm processing. For cognitive engagement analysis, frstly, stu-
dents’ speech types (i.e., statement and questions) and cognitive 
levels were coded. For student speech type, the coding scheme was 
adapted from the linguistic expression category of the scheme in 
[58]. For the cognitive level analysis, Bloom’s taxonomy of cogni-
tive domain [13] was used and thus the cognitive level of students’ 
responses were categorized into: remembering, understanding, ap-
plying, analyzing, evaluation, and creation. Four trained coders 
coded the transcript of the two classes, and the inter-coder Kappa 
was greater than 0.81 (p < .001). 

Moreover, the whole transcripts were used to compare the at-
tributes of discourses as references to cognitive engagement. The 
discourse attributes we investigated include: (a) the number of 
speaking turns, (b) the number of times each student spoke, (c) the 
number of words and sentences each student spoke, and (d) the 
length of students’ sentences and rounds of dialogue, which were 
adapted from the related studies (e.g., [12, 79, 92]). 

To measure emotional engagement, we captured students’ ex-
clamations (e.g., “Wow” and “Oh My God”), which was captured 

to assess students’ engagement in [10]. In addition, we also used 
Baidu AI Cloud [81] to perform semantic analysis as indicators of 
emotional engagement. 

4.6 Results 
We frstly compared the teacher’s script in the HoloBoard and 
normal classes. Teachers’ questioning accounted for approximately 
six percent of the speech, among which 70% of the questions were 
close-ended questions in both classes. The results suggested there 
were no major diferences in the types of speech initiated by the 
teacher between the two classes. Then we describe the results of 
students’ learning outcomes and engagement as the following. 

4.6.1 Learning Outcomes. We conducted Mann-Whitney U test 
to compare the knowledge pre-test results as baseline between the 
normal and HoloBoard groups. The result suggested there was no 
signifcant diferences between the two groups ( p = 0.46). 

Next we compared learning gains and performances between 
the two groups. The analysis results of learning outcomes are pre-
sented in Table 3. For the learning gains, the post-test score of the 
HoloBoard group (Mdn = 20.5) was signifcantly higher than their 
pre-test score (Mdn = 26.5), U = 56.5, p < .001. In addition, the efect 
size (r = 0.78) was calculated as a rank-biserial correlation coef-
cient, suggesting the diference is large (r = 0.78). For the normal 
group, the post-test score (Mdn = 24) and pre-test score (Mdn= 21) 
also had signifcant diference (U = 105, p = .04). A medium efext 
size (r = 0.42) was found. 

As for comparing the post-test scores of the two groups, the de-
scriptive results suggested the HoloBoard group achieved a higher 
mean score (M = 26.39) in the post-test than the normal group (M 
= 24.61), although their mean pre-tests scores were rather simi-
lar (20.94 and 20.79, respectively). However, independent samples 
Mann-Whitney U test results indicated that the diference was not 
statically signifcant, U = 125.5, p = .13. 

4.6.2 Student In-Class Engagement. Students in HoloBoard group 
showed higher levels engagement in all the three dimensions: be-
havioral, emotional, and cognitive engagement according to our 
multimodal learning analytic results, which are shown in Fig ?? 
and Table 4. 

Behavioral Engagement Results Generally, students in the 
HoloBoard group were more engaged behaviorally than those in the 
normal group, indicated by more close posture and more positive 
classroom behavior. Mann-Whitney test indicated students in the 
HoloBoard group demonstrated signifcantly longer duration of 
close posture (p = .002) and positive behavior (p = .019) in the 
HoloBoard group than students in the normal group. 

Emotional Engagement Results Students in the HoloBoard 
group exhibited higher levels of emotional engagement, which was 
demonstrated by more emotion that has high arousal and positive 
valance. This result was based on video and audio data coding, 
acoustic analysis, and semantic analysis. 

For video coding results, the length of high arousal and positive 
emotion was signifcantly larger in the HoloBoard group (p = .02). 
We also found a signifcantly smaller length of low arousal and 
negative emotion in the HoloBoard group (p = .01). The audio data 
coding results also showed that students were more emotionally 
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Figure 7: Six Video Samples of Three Comparable parts in two Classes: Exploring planets’ characteristics(a)(d); Discussing the 
order of planets(b)(e); Summarizing planetary habitability(c)(f) 

Table 1: Manual Coding Scheme of Video Recordings 

Categories Types Description 

Afective States 

Posture 

Behavior 

High Arousal Positive Valence 
Low Arousal Positive Valence 
High Arousal Negative Valence 
Low Arousal Negative Valence 
Close Posture 
Neutral Posture 
Leave Posture 
Positive Behavior 

Normal Behavior 
Misbehavior 

Joy: happy, excited, aroused, concentrated, etc. 
Calm: relaxed, satisfed, and content, etc. 
Anger: tense, annoyed, frustrated, etc. 
Boredom: bored, depressed, miserable, etc. 
Moving closer to or leaning toward the whiteboard/HoloBoard 
Sitting straight up 
Moving body away or leaning away from the whiteboard/HoloBoard 
Engaged behavior: answering questions, raising hands, looking at the 
pupil speaking, applauding, etc. 
Normal behavior: listening, looking at the screen/teacher, writing, etc. 
Disengaged behavior: chatting, looking away etc. 

Table 2: Manual Coding Scheme of Transcripts 

Speaker Categories Types Description 

Teacher 

Student 

Speech Type 

Speech Type 

Cognitive Level 

Lecturing 
Directing 
Asking Close-ended Question 
Asking Open-ended Question 
Assertion 
Question 
Exclamation 
Remembering 
Understanding 
Applying 
Analyzing 
Evaluation 
Creation 

Giving information or opinion 
Giving directions 
Calling for a single response 
Calling for board responses 
Statements of facts, opinion, choices, etc. 
Request for information 
Sound/Words expressing strong emotion (e.g., “Wow” and “Pf”) 
Reciting and memorizing labels 
Relating and organizing previous knowledge 
Applying information into a new situation 
Drawing connections among ideas 
Examining information and make judgement 
Creating new ideas using what has just been learned 

engaged in the HoloBoard class: the number of student exclamations 
per minute in the HoloBoard class was signifcantly larger than the 
one in the normal group (p < .001). Moreover, t-tests were conducted 

to compare voice loudness and frequency of the HoloBoard and 
normal groups. There was a signifcant higher level of loudness in 
the HoloBoard group (p < .001), whereas there was no signifcant 
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Table 3: Pre-/post-test Results (mean and standardized devi-
ation) of Normal and HoloBoard group. 

HoloBoard (n=18) Normal (n=18) Efect size 

Pre-test 
Post-test 
Efect size 

20.10 (3.85) 
26.40 (4.59) 
0.78 *** 

20.78 (6.08 ) 
24.61 (5.58) 
0.42* 

0.02 
0.19 

diference in frequency between the two groups, indicated by the 
zero-crossing rate (p = .27). The greater voice loudness indicated 
higher levels of arousal in emotion of students in the HoloBoard 
group. 

In addition, t-test was performed on the semantic data of the 
two groups’ transcripts. The results indicated there were signifcant 
more positive emotion (p < .001) and probability of positivity (p 
< .001) in the HoloBoard group than in the normal group. These 
results further confrmed the manual coding and acoustic analysis 
results, suggesting that the emotional engagement level of students 
in the HoloBoard group was higher. 

Cognitive Engagement Results In general, students in the 
HoloBoard group showed more signs of cognitive engagement 
compared to those in the normal group. The signs included more 
contribution to classroom discussion as well as more responses in 
the remembering and understanding levels. Firstly, Mann-Whitney 
U tests were conducted on types of students’ speech. The results 
indicated that the numbers of students’ assertions (p < .001) and 
questions (p = .005) per minute were both signifcantly larger in 
the HoloBoard group than the one in the normal group. 

In addition, t-test results of comparing discourse attributes sug-
gested the number of student speaking times in the HoloBoard 
group was signifcantly greater than the one in the normal group 
(p < .001). In addition, the numbers of words and sentences stu-
dents spoke per minute in HoloBoard group were also signifcantly 
larger than those in the normal group (both p-values are smaller 
than 0.001). There was no signifcant diferences in other attributes. 
The results further confrmed the speech type analysis results, sug-
gesting students in the HoloBoard group were more cognitively 
engaged and more willing to contribute to class discussion. 

For the cognitive level of students’ responses, the numbers of 
remembering responses (p < .001) and understanding responses 
(p < .001) were signifcantly higher in the HoloBoard group than 
in the normal group. No signifcant diferences were found in the 
number of responses at any higher cognitive level (e.g., applying 
and analyzing responses) between the two groups. 

5 DISCUSSION 

5.1 Engaging Students with HoloBoard 
The results of the experimental study show that HoloBoard can 
lead to signifcantly higher levels of engagement (i.e., behavioral, 
emotional, and cognitive) and slightly better learning outcomes 
in comparison to the normal class. Specifcally, throughout the 
class, students in the HoloBoard group were found more active to 
participate in the class. The results indicated that students demon-
strated more concentrating and positive behavior, higher levels of 

valance and arousal of emotion, more intensive rounds of discus-
sion, and more remembering and understanding responses in the 
HoloBoard group than in the normal group. These signs of behav-
ioral, emotional, and cognitive engagement observed in our study 
were consistent with the ones identifed in previous literature, e.g., 
[10, 26, 38]. 

In particular, the techniques of the HoloBoard elicited more 
engaging activities from the students during the discussions. For 
instance, while studying the characteristics of planets with the 
role-play in the HoloBoard class, students consistently came up 
with ideas for the teacher to explore the space as an astronaut. 
Some of them, such as "try to jump (on Mars)," and "try to weigh 
yourself (on Mercury)" indicated the students’ intentions to apply 
their new knowledge of space (e.g., change of gravity) and their 
collective eforts to make meaning out of the information [18, 55, 
76, 78], which is the sign of students’ active learning [76, 78] and 
collaborative learning [18, 55]. While using the virtual simulator 
demonstration to learn the order of planets, students were willing to 
share their opinions and get engaged in debates (e.g., where should 
the Earth be). They also exclaimed with excitement (e.g., "Wow" 
and "Yeah! We did it!") when all the planets were placed in order. 
These anecdotes demonstrated that the usage of the HoloBoard 
created an engaging class where students could readily and actively 
participate and contribute. 

In conclusion, with HoloBoard, the lecture-based class managed 
to create a more engaging atmosphere for active student participa-
tion. 

5.2 Design Implications 
5.2.1 Challenge of Role-play in Lecture-based Classes. Although 
the augmented role-play function was welcomed by both teachers 
and students, there have raised other concerns. With our observa-
tion, proportion of teacher’s close-ended questions dramatically 
increased while using role-play, which caused the number of the 
students’ lower cognitive level in responses to increase. After sim-
plifying the enter/exit action for role-play (i.e., we set a shortcut key 
link to this function from the original secondary menu.), the pro-
portion of the experiment teacher’s close-ended questions returned 
to normal in the experiment study, and the experiment teacher’s 
self-report also confrmed the efectiveness of this change. 

This suggested potential challenges when involving novel tech-
niques such as role-play in lectures. On the one hand, unfamiliar 
technology increased teachers’ extraneous cognitive load and af-
fected their teaching presence, as highlighted by previous research 
[48]. Therefore, the ease of use and necessary training are important 
factors in adopting novel lecturing techqniues On the other hand, 
role-play, as an efective teaching method, could be demanding 
for an instructor, both in preparation and in implementation [5]. 
Hence, when using role-play functions with HoloBoard in class, 
the system needs to support teachers (i.e., using AI assistants to 
help classroom management and learning process management) 
and allow them to control the pace of role-play easily. 

5.2.2 Simulator Demonstration and Multi-user Game in Classroom. 
We found that the simulator demonstration and the game brought 
particular excitement to the classroom. In the classroom, a very 
simple simulation demonstration of the planetary order not only 
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Table 4: Results of Student Engagement Analysis 

Data Variable HoloBoard Group Normal Group Value p 

Close Posture Mdn = 40.5** Mdn = 11.0 U = 257.5 0.002 
Neutral Posture M = 38.28 M = 55.78* t = 2.67 0.013 
Leave Posture Mdn = 8.0 Mdn = 14 U = 156 0.864 
Positive Behavior Mdn = 3.5* Mdn = 0 U = 235.5 0.019 

Video 
Normal Behavior 
Misbehavior 

Mdn = 82.0 
Mdn = 8.0 

Mdn = 77.5 
Mdn = 11.5 

U = 183.5 
U = 125.5 

0.501 
0.252 

High Arousal/Positive Emotion Mdn = 4.0* Mdn = 0 U = 234.5 0.02 
High Arousal/Negative Emotion Mdn = 0 Mdn = 0 U = 124.0 1 
Low Arousal/Positive Emotion Mdn = 85.5 Mdn = 79.0 U = 193.0 0.339 
Low Arousal/Negative Emotion Mdn = 0 Mdn = 11.0* U = 82.5 0.011 

Audio 
Loudness 
Frequency 

M = 0.000231*** 
M = 0.000032 

M = 0.000153 
M = 0.00017 

t = 7.64 
t = -0.60 

<.001 
0.27 

Speaking Turns/min 8.14 7.23 / / 
Mean Sentence Length M = 2.29 M = 2.35 t = 0.564 0.28 
Mean Speaking Turn Length M = 2.42 M = 2.54 t = 0.840 0.2 
Student Speaking Times/min M = 3.24*** M = 1.59 t = 26.155 <.001 
Words Spoken per Student/min M = 7.86*** M = 4.10 t = -9.456 <.001 
Sentences Spoken per Student/min M = 3.43*** M = 1.72 t = 20.892 <.001 
Assertion Mdn = 3.05*** Mdn = 1.6 U = 308.0 <.001 

Transcripts Questions Mdn = 0.027** Mdn = 0 U = 250.0 0.005 
Exclamations Mdn = 0.08*** Mdn = 0.07 U = 324.0 <.001 
Remembering Mdn = 1.54*** Mdn = 0.53 U = 316.0 <.001 
Understanding Mdn = 0.46*** Mdn = 0.32 U = 279.0 <.001 
Applying Mdn = 0 Mdn = 0 U = 124.0 0.239 
Analyzing Mdn = 0.08 Mdn = 0.12 U = 116.0 0.152 
Evaluation Mdn = 0 Mdn = 0 U = 144.0 0.584 
Creation Mdn = 0 Mdn = 0 U = 170.0 0.815 
Positive Emotion M = 1.36*** M = 1.20 t = -14.22 <.001 

attracted the attention of the students but also stimulated discus-
sion on additional knowledge beyond the syllabus, for example, 
the orbital speed of the planets. Indeed, the experimenter teacher 
confrmed such positive efects and recalled that "everyone was so 
excited when I fnally put all the planets in the right order." She was 
impressed by the visual and intuitive way of displaying content 
materials and believed that "such direct observation and perception 
of orders and orbital speed of the planets can have amazing efects." 

In addition, the multi-user game, enabled by the large-format 
screen of the HoloBoard, also resulted in more learning opportuni-
ties for students. In the post-test self-reports, the students in the 
HoloBoard group had a signifcantly higher collaborative-learning-
related self-evaluation score. They also expressed that they felt 
their teams had more trust in other members, and they had more 
frequently encouraged other members to join the group activities. 
The experimenter teacher also thought "the game allowed students 
to apply the knowledge they just learned." 

In addition, we agree that the interactive designs of HoloBoard 
should be able to sustain student engagement in the long run. Al-
though our current study only compared immediate infuence, we 
believe with the simulator demonstration of content knowledge 
and gamifcation elements discussed above, have the potential to 

overcome the novelty efect. because we have embedded pedagog-
ical factors in our design, for example, selecting the appropriate 
knowledge to stimulate and presenting the learning journey mad-
ing up of raising questions, exploration, and end game. Such ways 
to make the engagement meaningful and helpful for students are 
suggested ways to overcome the novelty efects in [83]. 

In summary, simulator demonstrations and games enabled with 
HoloBoard can lead to positive student experiences in multi-user 
learning environments and we recommend including more such 
activities in classrooms. 

5.2.3 Interactive Transparent Screen for Children. We ofered a free-
play session where students could play the virtual multi-user game 
on the HoloBoard after the class. We observed that the students 
made good use of the double-sided feature of the HoloBoard and 
engaged in cooperative pretend play on the two opposite sides of 
the HoloBoard spontaneously. For example, in one of the pretend 
play scenarios, some students in front of the HoloBoard waved 
controllers in the air and create the visual and audio efects refect-
ing the hitting of stones, pretending there were attacking students 
behind the HoloBoard. Those students behind the HoloBoard traced 
the location of the efects and pretended that they got hurt and fell 
down. 
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Pretend play has long been recognized as a vital type of chil-
dren’s play from the perspective of children’s cognitive, social, 
and physical development [51, 85]. Furthermore, children who en-
gaged in more pretend play generally have more advanced social-
cognitive skills, including social perspective taking [22] and social 
competence [15]. Hence, the development of children’ higher-level 
cognition is facilitated [9]. 

HoloBoard showed strong potential as a platform for active and 
benefcial interaction between children. Beyond classrooms, such 
interactive transparent displays could be installed at children’s 
playgrounds to facilitate more pretend play and social play via the 
double-sided interaction feature. 

5.3 Limitation and Future work 
For the HoloBoard system, regarding the expectation of potential 
implementation in the classroom settings, there are several con-
cerns such as a dimmer display color compared to ordinary LED 
displays, the requirement of trackers and controllers, and so on. 
Nevertheless, most participants expressed their expectations to see 
HoloBoard in actual classrooms in the near future. In addition, since 
the hardware cost and maintenance of HoloBoard is manageable, 
we will focus on optimizing creative tools like Chalktalk [69] and 
body-driven augmented graphics creative tool [72] to make it fea-
sible for teachers to independently develop content like slides or 
role-playing in the future. 

For the study, the current experimental study did not fully uti-
lized the functions of HoloBoard. This was for several reasons. First, 
it was non-trivial to design a course that includes all the novel 
functions of the system. Interaction techniques such as "augmented 
dashboard", "physical to virtual interactions", "3D modeling", and 
"holographic telepresence" shall be designed within other course 
contents and lecturing contexts. Second, it is fairly time-consuming 
for the experimental teachers to understand and get used to the 
new functions. Therefore, how to best integrate these techniques of 
the HoloBoard systems into a lecture requires further explorations. 
Moreover, we acknowledge that the current study design comparing 
student interaction during the two classes can not help us estimate 
possible novelty efects. Verifying and reducing possible novelty 
efects in long-term usage will be our future work. 

Meanwhile, due to individual diferences among learners and 
novelty efects of new technology, it remains a challenge to exploit 
the advantages of such immersive technology in wild. In the future, 
we plan to leverage HoloBoard in long-term use cases and expand 
on a larger scale. 

6 CONCLUSIONS 
We presented HoloBoard, a large-format immersive teaching board 
based on pseudo holographics. Its unique features of immersive 
visual presentation and transparent screen allowed us to explore 
a rich set of novel interaction techniques, potentially valuable for 
lecturing in classroom. To verify the efect of HoloBoard in ac-
tual classes, we designed a course and carried out a comparative 
study with 36 primary school students. The multimodal learning 
analytics results of the experiment demonstrated that students in 
the HoloBoard group were more engaged behaviorally, emotion-
ally, and cognitively, indicating that immersive technology can 

beneft learning in lecture-based classes. We expect this work can 
contribute to the educational technology research community by 
providing a novel interactive system and a deep understanding of 
the immersive technology to support learning. 
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A PRE-/POST- KNOWLEDGE TEST 

A.1 Part One: Open-ended Questions 
(1) Do you know any story about human exploring the space? 

You can tell me as detailed as possible. 
(2) Do you think why human explore the space? You can tell me 

as much as possible about the reasons that human explore 
the space. 

(3) Do you think why human explore the space? You can tell me 
as much as possible about the reasons that human explore 
the space. 

(4) Please describe the solar system. 
(5) Can you tell me what are the planets in the solar system? 

How can they be categorized? What are the characteristics 
of each of them?” 

(6) Do you think human can live freely in other planets? Why? 
What are the needed elements to make a planet habitable? 

A.2 Part Two: Singe-choice Questions 
(1) What is the largest planet in the solar system? 

a. Earth b. Jupiter c. Sun d. Uranus 
(2) In the solar system, what is the farthest planets from the 

sun? 
a. Earth b. Saturn c. Mars d. Neptune 

(3) What is the hottest planet in the solar system? 
a. Venus b. Saturn c. Mars d. Jupiter 

(4) What is the heaviest planet in the solar system? (the heaviest; 
the highest in mass) 
a. Mercury b. Earth c. Mars d. Jupiter 

A.3 Part Three: Multiple-choice Questions 
(1) In the following planets, what is/are the gas planet(s)? 

a. Mercury b. Venus c. Neptune d. Mars 
(2) What is/are the factor(s) efecting human moving to and 

living in other planet(s)? 
a. Water b. Oxygen c. Temperature d. Distance 
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