
T A N G I B L E
U S E R
I N T E R F A C E S
T O
S U P PO R T
C O L L A B O R A T I V E
L E A R N I N G

Doctoral Thesis | LMU Munich | Yanhong Li | 03.2023





Tangible User Interfaces to Support
Collaborative Learning

Dissertation

an der Fakultät für Mathematik, Informatik und Statistik
der Ludwig-Maximilians-Universität München

vorgelegt von

Yanhong Li
M.Sc. Educational Technology

München, den 11. Juli 2022



Erstgutachter: Prof. Dr. Sven Strickroth
Zweitgutachter: Prof. Dr. Eva Eriksson
Drittgutachter: Prof. Dr. James D. Slotta

Tag der mündlichen Prüfung: 29. 03. 2023



Abstract

Collaboration without scripting and orchestration is hard to succeed. Technologies, especially
tangible user interfaces (UIs), show good advantages in supporting collaboration. Therefore,
I explored how to design and develop tangible UIs for collaboration. Initially, I investigated
tangible design space for collaboration. From theory, design principles, and method, I showed
how to design and develop tangible UIs for positive interdependence and shared attention,
which is essential for good collaboration.

Presenting three projects for positive interdependence and three for shared attention, I got
two key �ndings: First, positive interdependence project participants had reasonable enjoy-
ment, engagement, and collaboration. Tangible UIs with positive interdependence design
implies a) an interactive and physical space for interdependence, b) physical representation
with knowledge externalization for collaboration, and c) resource, interface, and interaction
interdependence. Second, shared attention project participants liked the prototypes and
showed good concentration. Tangible UIs with shared attention design implies a) a connected
interactive space, b) information and interaction visualization to attract users’ attention and
c) an interactive loop from attention to action.

I dug into rationales and actual developments of tangible technologies to bene�t collaboration.
My research results show how tangible design can improve the collaborative experience.
Overall, my doctoral thesis has three contributions. First, I provided a design space framework
for tangible UI designs and elaborated practical design guidelines from theory, principle, and
approach to the actual prototype development. Second, I designed and developed sixteen
tangible prototypes to exemplify the approach. Finally, I discussed the insights of tangible
mechanisms for positive interdependence and shared attention in collaboration.
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Zusammenfassung

Zusammenarbeit ohne Skripting und Orchestrierung ist schwer zu erreichen. Technologien,
insbesondere Tangible User Interfaces (UIs), zeigen gute Vorteile bei der Unterstützung der
Zusammenarbeit. Daher habe ich untersucht, wie wir konkrete Benutzerober�ächen für
die Zusammenarbeit entwerfen und entwickeln können. Zunächst untersuchte ich konkrete
Gestaltungsräume für die Zusammenarbeit. Anhand von Theorie, Designprinzipien und
Methoden habe ich gezeigt, wie wir konkrete UIs für positive Interdependenz und gemeinsa-
me Aufmerksamkeit entwerfen und entwickeln können, was für eine gute Zusammenarbeit
unerlässlich ist.

Indem ich drei Projekte für positive Interdependenz und drei für geteilte Aufmerksamkeit
vorstellte, erhielt ich zwei wichtige Ergebnisse: Erstens hatten die Teilnehmer an positi-
ven Interdependenzprojekten eine angemessene Freude, Engagement und Zusammenarbeit.
Greifbare UIs mit positivem Interdependenzdesign implizieren: a) einen interaktiven und phy-
sischen Raum für Interdependenz, b) physische Repräsentation mit Wissensexternalisierung
für die Zusammenarbeit und c) Ressourcen-, Schnittstellen- und Interaktionsinterdependenz.
Zweitens mochten die Projektteilnehmer mit gemeinsamer Aufmerksamkeit die Prototypen
und zeigten eine gute Konzentration. Greifbare Benutzerober�ächen mit geteilter Aufmerk-
samkeitsgestaltung implizieren: a) einen verbundenen interaktiven Raum, b) Informations-
und Interaktionsvisualisierung, um die Aufmerksamkeit der Benutzer zu erregen, und c)
eine interaktive Schleife von der Aufmerksamkeit zur Aktion.

Ich habe mich mit den Gründen und tatsächlichen Entwicklungen konkreter Technologien
beschä�igt, um die Zusammenarbeit zu fördern. Meine Forschungsergebnisse zeigen, wie
greifbares Design die Zusammenarbeit verbessern kann. Insgesamt hat meine Doktorar-
beit drei Beiträge. Zunächst habe ich ein Design-Space-Framework für konkrete UI-Designs
bereitgestellt und praktische Design-Richtlinien von Theorie, Prinzip und Ansatz bis zur
eigentlichen Prototypenentwicklung ausgearbeitet. Zweitens entwarf und entwickelte ich
sechzehn greifbare Prototypen, um den Ansatz zu veranschaulichen. Abschließend disku-
tierte ich die Erkenntnisse über konkrete Mechanismen für positive Interdependenz und
gemeinsame Aufmerksamkeit in der Zusammenarbeit.
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The door is round and open.

Don’t go back to sleep.”
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1
INTRODUCTION

Cognition emerges from dynamical interactions among brain, body,
and world.

� Shapiro [129] (p. 156)

Collaboration facilitates group work and problem-solving. It has shown many bene�ts, such as
improved communication, innovation, and increased success. However, to have an e�ective
collaboration, we must consider many factors, such as monitoring group processes and
coordinating group communication. Tangible user interfaces (UI) are a promising technology
to improve collaboration. Thus, my thesis study investigates how to design and develop
tangible UIs to facilitate collaboration. This chapter introduces my research background,
identi�es previous research gaps, proposes my research questions, and shows my thesis
overview.

1.1 Background

Collaboration has three core meanings [30, 50, 117, 146]:a) Participants mutually engage in a
coordinated e�ort to solve the problem together, b) Tasks in collaboration intertwine with
cognitive processes; c) Collaboration is an orchestrated activity where participants attempt to
construct and maintain a shared problem conception. Collaboration has many advantages [30,
71], such as involving participants actively in a social-constructive, social-cultural, or shared
cognition environment. However, a successful collaboration requires speci�c interaction
patterns to occur [30], and this o�en needs instructional intervention [61]. Previous work
suggests three [8, 146] to �ve [41, 115] interactive patterns, such as positive interdependence
and promotive interaction, for collaboration to be productive. To facilitate promotive inter-
action [115] and knowledge construction [118], teachers or instructional designers need to
script collaborative activities and orchestrate them [30, 57] to have desirable outcomes.

Technology can facilitate this orchestration by providing tools for monitoring group activ-
ity and intervening when necessary [30]. However, existing technologies (e.g., tablets and
interactive whiteboards) have limited or preset interaction and communication patterns,
which restrict the e�ectiveness of collaborative activities. In addition, available technology
devices do not have speci�c considerations for the requirements of collaborative work from
a human-computer interaction (HCI) perspective. Physical a�ordance can change the mean-
ing of an artifact and actions put on it, which enhance ownership, enable engagement, and
facilitate awareness [136]. Studies from the �elds of psychology [97], HCI [123], and technology-
enhanced learning [75] suggest that collaboration using tangible UIs is an essential research
area [47, P9].
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Introduction

A tangible UI can be a system [56], representation [55], embedded technology [106], or com-
puting paradigm [8]. Markova et al. [83] provided four criteria that a tangible UI must ful�ll:
a) Tangible Objects: Contain one or more physical objects as interactive devices; c) Embodiment:
Input and output are closely related, temporally or spatially; c) Metaphor: Digital and physical
spaces are closely integrated, and 4) Continuity : Support continuous interactions. Tangible
UIs have been used in many collaborative scenarios, such as exploration [86, 99, 107], problem
solving [79, 81, 156], skill development [62, 90], and communication [22, 45]. Tangible UIs
have four main advantages. First, tangible interaction promotes or enhances collaborative
processes. Because tangible UIs provide access to shared representations of the problem,
thus increasing the group working memory and reducing cognitive load [29, 108]. Second,
tangible UIs support collaborative activities by allowing multiple users to interact simulta-
neously with the system [104], which could implicitly facilitate group communication and
collaboration [64]. Third, tangible UIs have the advantage of creating �exible, collaborative
learning environments [72, 123], which can include whole-class activities and discussion [52].
Finally, tangible UIs can create interdependence, provide multiple perspectives, and make
learners aware of their peers' actions and eye gaze, all promoting productive collaborative
learning processes [29].

1.2 Problems

Even though many existing tangible studies support collaboration [7, 34, 45], it remains
unclear how to design tangible UIs as an orchestration tool for collaboration [P8, 138].
Orchestration means to �manage (or subtly guide) the di�erent activities occurring at di�er-
ent educational contexts and social levels, using di�erent resources and tools in a synergic
way� [109, p. 586]. Technologies bene�t all orchestration parts, including planning, regulating,
awareness, and intervening during collaborative learning [57, 109]. Compared to other tech-
nologies, there are three main reasons that tangible UIs can help orchestrate collaborative
learning activities.

First, tangible UIs act as physical objects to embody learning knowledge. Thus, object manip-
ulation becomes a process of knowledge internalization. For example, Rygh [119] found that
metaphors and a�ordances in physical objects were why tangible tools support collaboration.
StoryBlocks[69] was a tangible programming game where blind and visually impaired or
sighted high school students create audio stories by combining code blocks, which helped
novices learn computer science concepts. Sabuncuoglu [120] developed a tangible music
platform where children could create a melody by placing the designed tangible blocks in an
algorithmic structure. Baurley et al. [12] explored how tangible interfaces could capture and
communicate embodied knowledge as a recipe-authoring tool for innovative food, where
users could use their bodies to learn ingredients. In addition, many studies used cubic shapes
to include learners' behaviors [73]. Students understand abstract concepts easier and better
by manipulating, placing, and arranging physical objects in space as input.
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Second, tangible UIs can be interactive objects to embed or visualize individual and group
activity-related information to support teacher awareness. Depending on the group's progress,
the teacher may need to frequently shi� the students' attention to the learning requirements.
A tangible device can provide the necessary information to orchestrate these changes. For
example, Lantern [3], and Shelve[4] were designed to display teamwork information, such
as which team is working on which exercise, how long they have been working on that
exercise, whether they need help, and for how long. FireFlies2[144] was designed to convert
the teacher's cognitive workload into distributed cognitive tasks, which helped the teacher
focus more on adapting their instructions to students' abilities and needs. Do [33] designed
tangible tabletops to help teachers manage the classroom and present visual information
about students' progress. Finally, Baudisch et al. [11] developed Lumino, tangible blocks for
tabletop computers, to demonstrate how to use tangible blocks to control a regular touch
screen. The Lumino construction kit allows users to put together simple block constructions
in which the system automatically checks the designs and problems of the hypothetical
building.

Finally, tangible UIs can serve as a tool to facilitate communication and interaction, which
aims at triggering speci�c types of collaborative learning processes known to generate learn-
ing gains, such as providing explanations or elaborations, resolving con�icts, or mutually
regulating each other [31]. Compared to a tablet, the tangible device Quizbot [43] made the
children reach a consensus easier and treat each other more respectfully. PaperTUI[113] used
the social regulation approach to help users to create a web with digitally augmented physical
papers, which helps identify and model interactions that support students' collaborative
learning activity. Sync Blocks[28] coordinated children's collaboration by devising clear roles
and reducing con�icts. In addition, Gelsomini et al. [44] explored a new Bring Your Own De-
vice (BYOD)-based tangible technology-enhanced learning setup that supported the creation
and management of storytelling activities and fostered the development of communication
skills through mobile computer-supported collaborative learning. Meanwhile, this approach
could be extended to designed environments for special-needs individuals.

1.3 My Work

To have productive group work, we need to know how to create a better interaction space and
interaction a�ordance for collaboration. Collaboration does not always happen automati-
cally [32]. Orchestration tools with tangible technologies targeting the elements of successful
collaborations, e.g., positive interdependence (see its de�nition at Page 13) and shared at-
tention (see its description at Page 15), are promising solutions. Existing studies have shown
that tangible UIs could promote collaboration. However, we need systematic guidelines for
structuring collaboration with tangible UIs. Therefore, I conducted eight studies to design
tangible prototypes to facilitate collaboration. More speci�cally, I explored three research
questions in my doctoral thesis:
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RQ1 What are the design spaces for tangible user interfaces embedded with positive
interdependence or shared attention for collaboration?

RQ2 What are the e�ects of tangible user interfaces embedded with positive interde-
pendence or shared attention on collaboration?

RQ3 What are the implications of tangible user interfaces embedded with positive
interdependence or shared attention on collaboration?

One thing that should clarify is the positioning of my studies and results in terms of the
research �eld and the target audience of my thesis. People might feel an inconsistency be-
tween the thesis title (�collaborative learning�) and the thesis aim (e.g., research questions,
experiments, and contribution), referred to as �collaboration� and �collaborative experience�.
All my studies were in some learning contexts, but my purpose was to improve users' collabo-
rative experience, then indirectly improve their learning performances. Strong bonds exist
between the related work and the research approach to the learning sciences, but my design
takeaways will target the HCI community.

1.4 Thesis Overview

My thesis includes �ve chapters:

chapter 1 I explained my research background, previous research gap, and my work
contribution.

chapter 2 This chapter aims to answer RQ1(i.e., What are the design spaces for tangible
user interfaces embedded with positive interdependence or shared attention for collaboration?).
First, I elaborated on my initial research explorations of designing �ve tangible UIs.
Then, I concreted on two research focuses tangible design for goal interdependence and
tangible design for shared attention. Finally, I analyzed and summarized the theoretical
foundation and design principle for designing tangible UIs for positive interdependence
and shared attention.

chapter 3 This chapter aims to answer RQ2(i.e., What are the e�ects of tangible user
interfaces embedded with positive interdependence or shared attention on collaboration?). I
designed eleven tangible prototypes but mainly introduced six of them: SpellBoard(in sub-
section 3.1.1),MemorINO(in subsection 3.1.2), CollabMaze(in subsection 3.1.3), FlipCards
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(in subsection 3.2.1), Chilego(in subsection 3.2.2), and Study Marbles(in subsection 3.2.3).
The �rst three projects are for positive interdependence, and the latter for shared atten-
tion. In the end, I also summarised the designed-based research method for designing
and developing these eleven tangible prototypes.

chapter 4 This chapter aims to answer RQ3(i.e., What are the implications of tangible
user interfaces embedded with positive interdependence or shared attention on collaboration?).
Then, based on chapter 3, I discussed how to design embodied facilitation for scripting
and orchestrating collaboration and create expressive representation for guiding and
facilitating joint action. I also re�ected on how to consider physical space, embodied
interaction, and collaboration as a design system. In the end, I re�ect on my study
limitations.

chapter 5 I summarized my thesis study and proposed valuable future work directions.
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2
DESIGN SPACE

... as if research always involves going over old territory, while art,
craft and design are of course concerned with the new.

� Christopher Frayling [39] (p. 131)

This chapter will provide an overview of the design space that forms the main body of my
thesis before annotating the projects concerning questions RQ2and RQ3. I brie�y explain the
design exploration and describe the theory foundation, design principle, and design-based
research approach. An overview of design exploration is compiled in Table 2.1, which contains
a short project description and references to the publications. The individual contribution
types are indicated in three categories [152]: Artifact, Theoretical, and Empirical. This is
only a contribution classi�cation of the projects in my thesis and is not intended as a general
classi�cation. This chapter is based on my publications in [P8, P9].

2.1 Design Exploration

I developed �ve tangible prototypes to explore the design space with seventeen of my master's
students. As shown in Table 2.1, these tangible prototypes explored di�erent concepts, such
as interdependence and shared attention.

Table 2.1: Overview of the �ve explorative projects and their contributions presented in my thesis.

Project A T E Design Concepts Ref.

C
on

ce
pt

E
xp

lo
ra

tio
n

stayFOCUSed u U u An exploration of common space to create shared
attention (see Figure 2.1).

[P8]

Group Hexagon u U u An interface concept for considering component
composition as a method to make users positively
dependent on each other (see Figure 2.2).

[P8]

Tower u U u An interface concept for combining bene�ts of tan-
gible interfaces with advantages of the ubiquitous
interface to create shared attention (see Figure 2.3).

[P8]

Glowing Wand u U u An interface concept for using embodied movement
to create an shared attention (see Figure 2.4).

[P8]

Remolight u U u An exploration of shared attention for physically dis-
tributed users (see Figure 2.5).

[P8]

Contribution types based on Wobbrock and Kientz [152]: Artifact, Theoretical, Empirical Research.

U = primary contribution; u = secondary contribution.
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Figure 2.1: stayFOCUSedtechnical prototype ( 1. concept idea and structure; 2. show timer with
light progress bar; 3. rotate the lamp to show answers; 4. pen-writing on the disk).

Figure 2.2: Group Hexagontechnical prototype ( 1. touch side button to choose an answer with
individual-hexagon (IH); 2. show timer with light progress bar in the IH; 3. touch the top button to
seek help with the group-hexagon (GH); 4. show answer distribution in the GH; 5. app mode to
interact and control IH).

Figure 2.3: Tower technical prototype ( 1. use app to communicate with other groups; 2. place
magnets on the Tower to choose an answer, green means I am con�dent , white means I am not
sure; 3. rotate top bulb to seek help; 4. touch the top bulb to �nish the activity).

8
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Figure 2.4: Glowing Wandtechnical prototype ( 1. different hand gesture designs; 2. switch for
a rainbow feedback; 3. negative tick gesture to red light; 4. circle gesture to yellow light; 5. tick
gesture to green light).

Figure 2.5: Remolight technical prototype ( 1. indicated timer with LED bar; 2. show noti�cations
with light shining in the ball; 3. squeeze the ball to seek help or knock it to send an agreement
message to other learners).

Our underlying assumption was that collaborative space and interactive methods made
a di�erence between tangible and traditional interfaces. However, such interfaces must
�t into a pedagogical concept. Cross-plane integration, sequentiality, time management,
and physicality are essential considerations for an e�ective collaborative experience [31].
Putting these requirements together, we can design a tangible tool that creates a shared
space for communication and interaction. More speci�cally, we need to consider three
perspectives: a) create shared spaces for communication, b) support diverse interactive
dynamics, c) visualize interaction and activity status.

2.1.1 Creating Shared Spaces for Communication

As an orchestration tool, tangible UIs need to enable shared spaces for communication where
collaboration can happen. Tangibility involves gesture, motion, or full-body interaction and
�emphasizes the use of the body in educational practice� [63, p. 2]. By embedding technology
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in physical objects with natural actions like grabbing, tangible UIs become ubiquitous, mixing
the physical and digital world [149]. As shown in Figure 2.6, my students and I developed �ve
tangible prototypes with di�erent communicative mechanisms.

Figure 2.6: Communicative mechanisms for developing tangible UIs in my publication [P8].

stayFOCUSed(see Figure 2.1) acts as a tool to create a collaborative atmosphere where students
have to get close and �nish the activity together. Casting light on the ceiling is an excellent way
to gather students and attract their attention. Group Hexagon(see Figure 2.2) gives each student
an individual device to interact with; then, it connects these with a central group device. This
process helps to build among students a sense of individual-community connection. Tower
(see Figure 2.3) has both a group device and an App to make students share their opinions.
Glowing Wand(see Figure 2.4) designs a playful and fun device for each student. It has no
direct a�ordance for group work. However, this embodied and present behavior naturally
attracts students to work together. Remolight(see Figure 2.5) connects individuals at di�erent
locations, where they have the same device as an ambient environment to convey important
information. As we can see, we can design tangible UIs with di�erent forms to orchestrate
group activities , which make users positively dependent on each other and have shared
attention on the tasks.

2.1.2 Supporting Diverse Interactive Dynamics

An orchestration tool needs to support di�erent types of communications (e.g., within-group
and inter-group) [4, 67] and help-seeking [148], a primary function for group discussion with
supervision from teaching assistants or teachers. We designed di�erent communicative
approaches as shown in Table 2.2. All the prototypes can realize the communication and
interaction within the group in di�erent ways. For example, users write down their answers or
questions, and stayFOCUSedwill project them to the ceiling. Group Hexagonhas an individual
hexagon for each user in the group. Users can pick up a white or green magnet to stick on the
di�erent levels of the Towerto communicate. Glowing Wandcan change color in di�erent
gestures. If the users in the group understand the meaning of di�erent colors, they can
e�ectively communicate. Users can squeeze the ball of Remolightto show an agreement with
others' opinions in the group.
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Table 2.2: Communication and interaction ( C & I) designs in my publication [P8] ( G: Group;TA:
Teaching Assistant; T: Teacher;CR: Classroom).

C & I... stayFOCUSed Group Hexagon Tower Glowing Wand Remolight

within G Overhead Pro-
jection (OP)

Individual-
Hexagon

Magnet Object LEDs Ball

inter-G OP Group-Hexagon Top Bulb, App LEDs -

with TAs OP Group-Hexagon Top Bulb LEDs Ball

with T - App App - Ball

within CR OP Group-Hexagon Top Bulb, App LEDs Ball

between CRs - App App - -

Inter-group interactions are helpful for users to communicate and interact beyond the group.
Users in di�erent groups o�en do not sit together. Thus, inter-group interactions require a
simple, straightforward, tangible design. As shown in Table 2.2, stayFOCUSedand Glowing
Wand keep the within-group design for inter-group interaction. However, Group Hexagon
designs an additional tangible object to show group work: a �group hexagon�. The group
hexagon changes to green or red to show the group work status. Towerprovides an App to
enable communication via the online platform. We can see the possibilities of designing
tangible UIs to support communication and interactions within and inter-group .

2.1.3 Visualizing Interaction and Activity Status

Orchestration is like a regulation loop, with two concrete points of control: state awareness
and work�ow manipulation [32]. The notion of �awareness tools� [48] is to inform users about
the activity of their co-workers, where awareness shares behavioral information among users
without a cognitive diagnosis. To provide dynamics for consistent group communication,
we stress the need for interactive information visualization in the design of orchestration
technologies. In my publication [P8], my students and I designed light (brightness and color) to
show the interaction and activity state information. Minimalism in the design of orchestration
technologies with light was emphasized by Dillenbourg et al. [32]. For example, they used
such minimalist design in Lantern [3].

Based on this, my students and I explored more possibilities to design information visualiza-
tion with light, e.g., overhead projecting to the ceiling ( stayFOCUSed[P8]) and hexagons with
di�erent colors ( Group Hexagon[P8]). Providing and visualizing basic interactive information,
e.g., activity time and help requests, is essential to maintain the collaborative activity. There-
fore, as seen in Table 2.3, we designed tangible UIs to ensure they support the visualizations
of di�erent interactive information. For example, we used a light progress bar to show the
timer. We can see that tangible UIs can visualize group interaction and process. It has unique
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advantages due to visualization and physicality.

Table 2.3: Collaborative learning activities supported in my publication [P8] ( MCQA: Multiple Choice
Question Answer; OQA: Open Question Answer;HR: Help Request;TA: Teaching Assistant).

Activities stayFOCUSedGroup
Hexagon

Tower Glowing Wand Remolight

Submit MCQA Write on
disks

Turn on
individual
hexagon

Attach mag-
net object

Move wand Change the
ball color

Submit OQA Write on
disks

App App - -

Set activity time Light
Progress
Bar (LPB)

LPB LPB - LPB

ShareMCQA Overhead
projection
(OP)

Connect
group
hexagon

Read mag-
net

- -

ShareOQA OP App App - -

Finish activity OP Green light
(GL)

GL GL -

HR for TAs OP Light �ash-
ing

Top bulb
�ashing

Rainbow light Light �ash-
ing

HR for remote teacher - App App - -

HR for near groups OP App App - -

HR for remote groups - App App - -

2.2 Tangibles to Support Positive Interdependence

Tangible UI is well-suited for collaboration [84, 123] because a) it provides particular a�or-
dances for fostering positive interdependence; b) The distributed work with particular duties
brings object ownership; c) Users prefer to manipulate physical objects [137]. �A�ordance�
describes the speci�c physical characteristics of objects �naturally� reveal what they might
be used for [97]. To better design tangible UI for supporting collaboration, Antle and Wise [6]
summarized twelve guidelines for designing tangible learning interfaces. In addition, they
mentioned the signi�cance of creating codependent access points, which can force learners
to negotiate with others [36, 150].

To investigate �how� to design tangible restrictions to �focus� users' positive interdependence
for collaboration, I started by understanding theory foundations and design principles. Later,
I followed a design-based research method [5] to design and develop tangible prototypes.
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2.2.1 Theory Foundation

Interdependent collaboration provides a context where promotive interaction occurs so that
interpersonal interaction produces a high achievement [25]. Promotive interaction refers
to �individuals encouraging and facilitating each other's e�ects to accomplish the group's
goals� [59, p. 366]. To achieve good collaboration, it is essential to structure collaborative
activities with, e.g., collaborative tasks, interdependent roles, and interdependent interac-
tions. From the HCI perspective, we must consider designing interdependent interaction
mechanisms to make learners in�uence and rely on each other to achieve the same goal.
Wise et al. [150] found social/technological interdependence helped users produce more
in-depth explanations and have fewer but longer cases of resolving con�icts jointly. Collazos
et al. [25] claimed that interdependent collaboration could motivate students to work hard
and facilitate exploring new insights and understandings.

Interdependence refers to �the outcomes of individuals are a�ected by their own and oth-
ers' actions� [59, p. 366]. It has three types: positive (cooperation), negative (competition),
and none (individualistic e�orts) [59]. Positive interdependence, an essential element for
collaborative learning [59, 70], refers to the success of one learner is possible only by the
success of the others [25]. There are di�erent kinds of positive interdependencies [25, 70],
e.g., positive goal interdependence, positive celebration/reward interdependence, and posi-
tive task interdependence. Designing positive interdependencies could encourage users to
negotiate, solve, and discuss tasks collaboratively [150]. In other words, we should purposely
design interaction to engage users in a collaborative environment. Therefore, they can have
an interdependency, which improves their collaborative experience [105].

Even though many suggestions exist on promoting positive interdependence [59], there
are few guidelines for structuring interdependent collaboration with tangible technologies.
However, tangible UIs can a�ord to create an interdependent environment where users have
a physical embodiment of distributed control and social engagement around the interactive
object [137]. It has a technological bene�t, which can be employed to facilitate face-to-face
collaboration [29] and its social interdependence [137]. For example, we can design objects
that can only be moved by joint e�ort or that one learner needs to borrow some object from
another to proceed.

2.2.2 Design Principle

Tangible UIs, as a learning tool, embed an interaction mechanism that can be speci�cally
designed to orchestrate collaborative activities. To have a productive collaboration, we aimed
to design an interdependent collaboration where two users could work together naturally
to solve tasks. From an interactive perspective, all my positive interdependence prototypes
were designed with three speci�c interdependent mechanisms. a) The interaction inputs
must come from both users; b) When solving tasks, each user must contribute to group work;
c) Only when both interaction inputs are correct, users can proceed to the next task. This is a
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naturally interdependent design to �force� users to help each other. In addition, users have
an actual physical environment to engage in the activities physically. This provides users
with more natural interaction and communication opportunities. For some speci�c users,
e.g., children, designing intuitive and simple interactions is critical for working e�ectively
together. Tangible UIs have the advantage of �forcing� interdependence because it makes the
task-solving processes easy and intuitive to understand.

There are two conditions for creating positive goal interdependence: set a clear group goal and
design constrained or codependent accesses [25, 150]. Such designs motivate group members
to commit to working together and let everyone realize the responsibility for the group's
success. More speci�cally, we need an embodied facilitation design [53, 128], which contains
three concepts: a) embodied constraintsmeans to favor some actions and restrict others,
b) multiple access pointsmeans to ensure that users can interact equally and simultaneously,
and c) tailored representationsrefer to the interaction depending on the users' knowledge.
Table 2.4 shows the overall designs of UnitRry with weak interdependence and CollabMaze
with strong interdependence.

Table 2.4: Goal interdependent design of UnitRrywith weak interdependence and CollabMazewith
strong interdependence in my publication [P6].

UnitRry CollabMaze

Context Learn daily common relations (e.g.,
honey, bee, and sound of bee)

Move the game character to get out the
maze

Group Goal Find related cards and put them on the
board

Move the game character to exit the
maze

Embodied Con-
straints

None One child controls the movement of
left-right, the other controls up-down

Multiple Access
Points

Two children have the same amount of
cards

Two children have similar opportunities
to move the game character

Tailored Repre-
sentations

Two children are similar years age and
have similar cognitive development

The tasks are easy to understand and
do not need previous knowledge

2.3 Tangibles to Facilitate Shared Attention

There is a social ability in human social activities called shared attention. It means two
or more people can focus on one thing simultaneously without being distracted [14, 94].
Shared attention makes synchronous communication, interaction, and collaboration more
e�cient and smooth [134]. It is a process in which new knowledge expands to face further
information, and perceived stimulus becomes common knowledge, which allows group
coordination [131]. In other words, shared attention can be achieved by, e.g., seeing [131],
hearing, and smelling [14, 134]. The most common attention in everyday life is the shared
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gaze [114]. It happens almost always when we are with others, e.g., �looking where someone
else is looking� [19]. It also can be more psychological as individuals must know jointly that
they are attending the same activity [9] and have common knowledge [131].

Shared attention is essential for synchronous collaboration in co-located [58, 122, 157] and
remote [2, 26, 124] settings. Users had better experiences [51], higher motivation [131], and
better social presence [88] when perceiving shared attention with others. Previous studies
have explored mutual real-time gaze representations [23, 26, 122], shared gaze visualiza-
tion [27], and augmented reality gaze [58] to improve collaboration. However, few studies
explored how to �design� or �create� an environment that considers making interaction and
shared attention design positively a�ect each other. To investigate �how� to design tangible
representations to facilitate users' shared attention for collaboration, we started by under-
standing theory foundations and design principles. Later, we followed an iterative design
process to design and develop tangible prototypes.

2.3.1 Theory Foundation

Shared attention theory assumes that human beings have the psychological ability to expe-
rience the world from a shared attention perspective [133]. Shared attention [131] involves
the activation of a psychological perspective where users reckon the world is experienced
from their attention. When we perceive shared attention, we process deeper cognition of
information [130]. When updating mutual knowledge, shared attention facilitates users' com-
munication and gives them shared attitudes and beliefs. Garriy [132, p.1249] claimed that
�because shared attention is a psychological mode of attention, whether others are attending
to the same information is inconsequential to the e�ects of experienced shared attention
on thought and behavior. It is the experience that we areattending to the information that
matters .�

We can design input and output from an HCI perspective to create a collaborative shared
attention environment. Ambient systems bene�t collaborative activities [16, 91, 92, 98]. Am-
bient display [93] is a common approach to display shared attention information on dynamic
o�-screen points of interest, which can attract users' attention by showing information within
their peripheral views [87, 92, 103]. As a peripheral perception, the user can be aware of visual
information without being distracted from the main task. For example, ShadowSparrow[111]
used light and shadow to display multiple relevant images of surroundings for informative
noti�cation and visualization. Sparkle[93], which increased usability and reduced workload,
was a display for dynamic o�-screen points of interest, where users needed to maintain
an overview of changing status. Morrison-Smith et al. [91] developed AmbiTeamto support
team awareness, and it displays up-to-date group information. The results show that partici-
pants perceived better collaboration and were more productive and motivated. In summary,
ambient systems make users less disturbed or distracted from main tasks and be more
productive. From an HCI perspective, we can intentionally design an ambient environment
to improve collaboration.
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2.3.2 Design Principle

Shared attention makes better collaboration in many settings [127]. Tangible interaction
changes educational practice and uses embodiment to bene�t co-located collaboration [36,
74, 142] and remote collaboration [68, 145]. For example, Kosmas and Zaphiris [68] investigated
students' performance in a collaborative embodied learning environment and found that
embodiment made students work more collaboratively. Schneider et al. [125] showed that
joint visual attention is signi�cantly related to co-located students' interaction quality with
tangible objects. Marshall et al. [85] found that children fought for controlling physical objects,
not digital objects, and discussed the bene�ts of embodied interaction when designing
collaborative applications. Thus, we can create tangible interactions to increase shared
attention for an e�ective collaborative activity [77] because physical objects take users from
the digital world back to the real world [89].

Tangible materials positively in�uence users' comprehension and learning [127]. Physical
objects [80] are visible and contain rich visual information, including the dimensions, forms,
outlines, hues, or physical object labels. Controlling object orders in physical space can cogni-
tively visualize solutions to problems [66, 100]. Tangible interfaces increased eye-contacts [96]
and joint action [46, 158]. Schneider et al. [126] found that students in a tangible condition
had signi�cant better-shared attention than students in a paper condition. The measures
of shared attention include eye contact [153], eye movement [15], gaze patterns [101], and
experience questionnaire [49].

Wild theory [116] encourages new and innovative ideas, which implies our research purposes.
We believe designing and developing functional prototypes to enable an in situ experience
with novel interaction concepts is essential. To lead to an e�ective design, we followed three
design principles : First, Siposova and Carpenter [134] summarized di�erent attention levels'
characteristics: individual, monitoring, common, mutual, and shared attention. As shown
in Table 2.5, we designed tangible prototypes FlipCards[P10] andChilego[P10] according to
Siposova and Carpenter [134]'s shared attention principles.

Second, we followed Antle and Wise [8, p.13]'s tenth guideline to design tangible UIs for
collaboration: �creating con�gurations in which participants can monitor each other's activity
and gaze can support the development of the shared understanding design of physical and
digital objects.� As shown in Table 2.6, we considered using positive interdependence [P6]
and tangible ambient system [P11] to help users monitor and be aware of the collaborative
progress.

Finally, we leveraged physical object properties with light to allow users to share their atten-
tion and concentrate on the collaborative task. We used many light designs to increase users'
shared attention in our shared attention projects (see section 3.2). There are three reasons to
implement light into our tangible prototypes: a) Light is an essential output modality [P11],
which facilitates the interaction [24]. We can embed light into all the interactive processes
easily, which is impossible for other materials [154]; b) Light in the tangible UIs could visualize
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Table 2.5: Tangible designs according to Siposova and Carpenter [134]'s shared attention princi-
ples.

Shared Attention
Criterion [134]

Study Marbles FlipCards Chilego

Type of perspective Second person Two or more users
work together

Two users work together

Description of the
experience

You and I (we) at-
tend to X and are ac-
tively communicat-
ing about this

Check others' mar-
ble light status

Check the English
vocabulary correct-
ness for the other,
help-seeking

Remember the
false writing of the
other, know the turn
to write

Type of interaction Triadic Interact with the prototype

Knowledge gained Shared knowledge Work on the group
project together

Learn the English
vocabulary to-
gether

Learn the Chinese
character writing to-
gether

Does the second in-
dividual know that
the �rst is in that
level of attention?

Yes One needs to check
the status of others

One person needs
to check the answer
correctness of the
other

One person needs
to know and re-
member the writing
order of the other

�Intimate I+you we
feeling�

Yes, stronger Direct connection with the other

Commitments and
obligations

Yes Check each other

feedback, create a collaborative environment, and improve tangible experience [P11]. c) Light
can create a feeling and meaning of interaction with visual aesthetics [76, 155] and stimulate
users' deep emotions [95]. Many experiments show that ambient light to display information
can grab users' attention and enhance their motivations without distracting them from the
primary task [91]. Therefore, light allows users to focus on collaboration while noticing the
interaction with their partners, which is an excellent way to increase their shared attention.

2.4 Takeaways

RQ1: What are the design spaces for tangible user interfaces embedded with positive
interdependence or shared attention for collaboration?

To answer this research question, I �rst did some open explorations and later focused on
designing and developing positive interdependence and shared attention for tangible UIs.
When exploring the bene�ts of tangible UIs for collaboration, my students and I found three
critical rationales: a) create shared spaces for communication, b) support diverse interactive
dynamics, and c) visualize interaction and activity status.
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Table 2.6: Designs according to Antle and Wise [8]'s tangible collaboration guidelines.

Tangible Collaboration Guidelines [8] Study Marbles FlipCards Chilego

Users monitor each other One has to check
the other's marble
light statue

One has to check
the other's English
vocabulary correct-
ness

One has to check
the other's Chinese
writing correctness

Gazes support shared understanding Different marble
colors or statues
show different
meanings

A lightbox near
the users has two
LED bars to show
the timer and work
progress

The LEDs in the
groove of the
Chinese character
show different
colors to indicate
to users the results

Later, when designing and developing a speci�c tangible UI, we found three critical ratio-
nales: a) start from theory foundations, e.g., we referred to interdependence and shared
attention theory; and b) follow existing research design principles. For example, we comply
with the following design processes: concept idea Ñ feedback (with interview) Ñ paper
prototype development Ñ feedback (with an interview or paper prototype user study) Ñ
technical prototype development Ñ feedback (with pilot user study) Ñ technical prototype
improvement Ñ �nal user study.

We explored the design space for designing and developing tangible UIs for various collab-
orations. I did not elaborate on it in section 2.1, but we summarized the design space of
tangible collaboration as shown in Table 2.7. We explored the highlighted dimensions, such
as designing object manipulations to help users to solve problems. It is far too less to provide
speci�c design guidelines. However, it is impossible to investigate the combinations of all
the elements and dimensions in Table 2.7. Therefore, we can use it as an excellent reference
to help us think about how to �nd suitable applications of tangible UIs.
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Table 2.7: Design space for tangible collaboration in my publication [P8]
(Note: Highlighted dimensions are what we used for exploring design space in section 2.1).

Elements Dimensions

User Type Child Teenager Adult

Group size Pair (2) Small group (3-5) Large group (6+)

Characteristic Visually impaired
(e.g., blind)

Action or percep-
tion impaired (e.g.,
stroke, autism,
dyslexia)

Other general users

Context Mode Face-to-face Remote Blended

Location In-door (e.g.,
classroom , mu-

seum)

Out-door (e.g., out-
ing)

Collaboration Purpose Problem-solving
[65]

Brainstorming [147] Knowledge build-
ing [121]

Mechanism [115,
148]

Interdependence Coordination Monitor the learning process

Scenario Within the group Between groups

Interaction Input Body-based ges-
ture

Object manipulation Move objects
on interactive
screens (e.g.,
tablet)

Physical
representation [106]

Symbolic Literal

Output [106] Visuospatial Audial Haptic

Interactive
metaphor [140]

Cartesian space State space Relational
metaphors (hu-
man relations)
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3
PROJECTS

Cognitive processes are computational. If the computational
processes that comprise some cognitive systems have
constituents outside the head, then these cognitive systems extend
outside the head. The computational processes that comprise
some cognitive systems do have constituents outside the head.

� Shapiro [129] (p. 236)

This chapter aims to investigate the RQ2. I use two main categories to summarize the projects:
positive interdependence and shared attention. As shown in Table 3.1, I developed six projects
for exploring positive interdependence and the other �ve for exploring shared attention.
The reasons to develop di�erent tangible prototypes for the same concept are a) To have
e�ective results, a prototype design must target speci�c users and contexts. In other words,
the individual study can only consider one speci�c scenario, and its �ndings are limited.
Therefore, to generalize design principles, we need various examples to con�rm or adjust
the initial design guess; b) Di�erent studies emphasize di�erent perspectives, such as theory,
artifact, and experiment. We need to use di�erent studies to show design rationales and
e�ects.

The subsequent project descriptions give a short introduction to the artifact and concepts for
the context. Regarding how the evaluation criteria have been de�ned concerning the aim of
the tangible technology for collaborative learning, I did not directly measure learning e�ects.
I used measures, e.g., �concentration�, �enjoyment�, and �immersion�, instead. The main
reason is these measures are important for learning. Furthermore, actual learning e�ects
need a longer time to determine, but all our studies were lab studies and were only done
once.

I indicate the contribution of individual publications to a project when it consists of multiple
publications. All original contributing publications with detailed information on the contri-
butions, technical implementations, and used methodologies are added in the appendix of
the thesis (see page 79).

3.1 Tangibles for Positive Interdependence

This section is based on my published papers [P2, P6, P7]. I will abstract the main contents to
explain how I designed tangible UIs, from interactive constraints, embodied facilitation, and
strict conditions, to building positive interdependence. I introduced these three projects, not
the other four because they were more representative examples of positive interdependence.
In addition, their user study results were also more comprehensive.
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3.1.1 SpellBoard

I designed and conducted SpellBoardstudy [P7] with one of my master's and one of my
bachelor's students. SpellBoardis a tangible device to help children learn German spelling.

Setup As shown in Figure 3.1, it mainly has four parts: one board, ten blue blocks, ten orange
blocks, and a tablet application.

We created twenty letter blocks. To help children naturally collaborate, we made an interde-
pendent design: a) There were blue and orange colored letters with similar usage percentages
and b) All words had to be spelled with blocks of both colors. The color of the letters was de-
termined according to the frequency table of German letters [13]. Then, as shown in Table 3.2,
we balanced the blue and orange letters with similar frequency.

Table 3.1:Overview of the eleven projects and their contributions presented in this thesis (I will
explain the highlight projects ).

Project A T E Design Concepts Ref.

P
os

iti
ve

In
te

rd
ep

en
de

nc
e

SpellBoard u U U An investigation of interactive constrictions of posi-
tive interdependence.

[P7]

MemorINO U u U An investigation of embodied facilitation of positive
interdependence.

[P2]

Paint-Matics u U U An investigation of interactive metaphor of positive
interdependence.

[P4]

Slimo U u U An investigation of interactive metaphor of positive
interdependence.

[P4]

UnitRry U u U An investigation of weak positive interdependence . [P6]

CollabMaze U u U An investigation of strong positive interdependence . [P6]

S
ha

re
d

A
tte

nt
io

n

FlipCards U u U An investigation of tangible manipulation for shared
attention with visual feedback in the F2F pair.

[P10]

TalkinGlass u U U An investigation of tangible manipulation for shared
attention with visual feedback in the F2F group.

[P1]

Chilego U u U An investigation of tangible manipulation for shared
attention with visual feedback in the remote pair .

[P10]

GrouPen u U U An investigation of tangible manipulation for shared
attention with haptic feedback in the remote pair .

[P13]

Study Marbles U u U An investigation of tangible manipulation for shared
attention with visual feedback in the remote group .

[P3]

Contribution types based on Wobbrock and Kientz [152]: Artifact, Theoretical, Empirical Research.

U = primary contribution; u = secondary contribution.
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Figure 3.1: SpellBoardstudy setup.

Table 3.2: Twenty German words for spelling in the �rst user study in my publication [P7] (Orange
letters are for one child. Blue letters are for the other child. Black letters have been already provided
in the system).

BÄUME BEUTE ECHSE FERKEL FEUER MÄUSE MEER MESSER SCHULE SIEBEN

INSEKT KARTE KATZE KUH LUPE STUHL STURM TRUHE ZAHL ZUCKER

Participants could naturally interact with the SpellBoardby putting letter blocks in sequence on
the board. The SpellBoardtablet system would automatically give feedback to the participants.
The interdependent constraint is that each word needs letter blocks from blue and orange
colors. Thus, children will naturally work together to �nish the tasks because each child only
has either blue or orange letter blocks.

User Study The user study was conducted with four children (3 girls, one boy, M(age) =
8.25). It consisted of two pairs, one with 7-7 yo and the other with 9-10 yo children. Each pair
attended our user study four times within two weeks with the same experimental interval.
We got written consent from the participants' parents. Participants could stop whenever they
wanted.

Participants played SpellBoardin pairs for around 25 minutes with video recording. We con-
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ducted in-�eld observations with a structural observation form for each pair. The observation
form consisted of six dimensions: understanding of the system setup and design (5 items),
behavioral engagement (3 items), emotional engagement (5 items), cognitive engagement (5
items), collaboration (4 items), and motivation (3 items). For example, � The kids are having
fun.� (emotional engagement) � The children were attracted by the task.� (cognitive engagement)
� The children help each other.� (collaboration). The a�er-study interview was conducted with
each child for about 10 mins with an audio recording.

Main Findings Children have talked with each other since the game started. In each session,
there were always situations where a child was slightly more dominant and said something
like �Wrong, a Z belongs there.� �*Name of ID3*, do not smash that around!� �This is not a wolf.
This is a fox.�. However, they also switched roles from a leading wise personto the other
who followed the instructions. When they worked together, they had many collaborative
conversations, such as �Wait, you have to do it this way.� �Wait...no, that does not belong there.�
�Ah misspelled, right?� �And now you can choose.� �No, you have it the other way around.� �So,
which one do we choose? The bird, right?� �What should we take? The mice?�and �That is an M,
we need an N.�. As shown in Figure 3.2, their collaborations increased until Session 2, then
started to decrease.

Figure 3.2: Children's understanding of design, interdependent collaboration, and (behavioral,
emotional, and cognitive) engagement from Session 1 to Session 4.

Children showed good behavioral engagement in all four sessions, even though it was not
stable (see Figure 3.2). The video analysis showed that they were highly motivated to solve
the spelling tasks without help or encouragement from external persons (e.g., their parents
or experimenters). They had many hands-on interactions, e.g., �So, we already had that before.�
�Bee? No, we already had that. Or the rattle? Or the next one. - We already had that.�However,
their concentration slowly decreased during Sessions 3 and 4 by 18.75%.

All children's interests in solving the tasks (i.e., emotional engagement) were high and stable
a�er Session 3 with above 4. Sometimes, when they �nished the task, they would say: �Are
we already �nished?� - �Yes.� - �Oh, a pity.� When placing the letter incorrectly or having to
press the help button, their perceptions of frustration were low; Only Child C sometimes said
�Where is the *** R?�. However, children were more likely to be motivated to �nd the correct
letter blocks if they put the wrong one. For example, they o�en motivated each other with
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�Well done.� �Great!� �We can do that really well!� �I like to write that down.� �The bee looks the
most beautiful!� and �Ah, the one is there! It is cute.�.

The average percentage of whether the children worked on the tasks due to intrinsic moti-
vation is 90.63%. Video analysis of Group 2 showed that one child always told his partner
not to use the help button. He said: �- Do not push it. - I do not like that. - Stop. I still know how
to spell the word!�. Sometimes, the children would say �No, let's take something else. We have
already had it.� �Or let's do the di�culty again ...� - �Yes, more di�cult. Di�cult! � However, it
must be mentioned that distractions were high during Session 4 (see in Figure 3.2-cognitive
engagement). High cognitive engagement indicated learners could realize a knowledge link
between school learning and everyday life [40]. This was also found in our user study. When
one of the participants needed to spell the German word �SHIRT,� she immediately noticed
that she learned it in her English lessons and said: �We had that in English.�

Summary We dug out three key �ndings: a) Interactive constraints can be specially designed
to allow children to coordinate their collaborative actions; b) From an actual usage e�ect, we
need to redesign SpellBoardto consider children's cognitive engagement and interdependency
in collaborative activities; c) Children need time to understand the tangible design fully. Thus,
we need a framework to add new learning content to sustain their engagements. Our �nd-
ings could improve the future tangible design and positively impact children's collaborative
learning.

3.1.2 MemorINO

I designed and conducted MemorINOstudy [P2] with two of my bachelor's students. MemorINO
is a tangible device to help children learn mathematics and sequence.

Setup MemorINOhas three parts: two boards, 28 cards, and a laptop application. As shown
in Figure 3.3a and b, we can connect the boards horizontally and vertically to create di�erent
tasks. For example, if the boards are connected as Figure 3.3a, we can create a task as �Put
the rainbow colors in order� (see Figure 3.4). If the boards are connected as Figure 3.3b, the
task could be � � � � � 6.�.

Figure 3.3: MemorINO boards and cards: a) Connect horizontally, b) Connect vertically, and
c) Tangible cards with images on both sides.
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Figure 3.4: An example of MemorINOtask.

User Study Twenty-three children (12 pairs, 15 girls, eight boys, M(age) = 4.96 [4, 6]) and three
kindergarten teachers (3 females, M(age) = 48.67 [34, 60]) participated in the �nal user study.
The children were recruited from two German kindergartens; we assigned them according
to their age di�erence. Therefore, there are six pairs with similar ages (i.e., identical or one
age di�erence), and the other six have di�erent ages (i.e., more than two ages di�erence).

We conducted the studies in kindergarten classrooms. We got written consent from all par-
ticipants' parents, and the kindergarten teacher was constantly observing the studies. As
shown in Figure 3.5, children played in di�erent-age or similar-age pairs for around 45-70
mins, with their kindergarten teacher observing their behaviors. The system has 18 tasks,
e.g., putting cards with colors in the correct order as the rainbow. Two children complete the
tasks without external help because the system will give them feedback. In addition, if they
have di�culty solving the tasks, they could press the help button in the system. Then the
system will give them hints, e.g., by showing part of the missing colors in the above rainbow
task.

In-�eld observations with a structural observation form were conducted for each group.
The observation form consisted of �ve dimensions: understanding of the system setup and
design (5 items), behavioral engagement (4 items), emotional engagement (4 items), cognitive
engagement (5 items), and collaboration (5 items). For example, � Do they get discouraged
by initial failure to solve the tasks?� (emotional engagement), � Do they argue? When and over
what?� (cognitive engagement), � Does one of them take charge without letting the other try things
out?� (collaboration). The a�er-study interview was conducted with each child for about 10
mins. Ten questions were prepared to ask their feelings of engagement and collaboration,
e.g., � Did you have fun?� and � Did you like to solve the task with your partner?� Second and third
authors observed the children playing with MemorINOtangible prototype. Meanwhile, they
calculated the times of each behavior in Table 3.3 for each child independently. A�er each
experiment, they would look at each other's observation results to solve some inconsistent
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recordings.

Finally, we interviewed the kindergarten teachers about their observations of children's
behavior changes. They know the participants well. Therefore, they could see whether the
child became more outgoing or shy than usual. All interview audio was transcribed and
coded by two di�erent authors. We obtained �ve analysis themes: system understanding,
collaboration, behavioral, emotional, and cognitive engagement. The results of these themes
were translated from German into English by authors who were native German speakers but
also �uent in English.

Figure 3.5: Children playing in pairs with MemorINO: a) Different-age group, and b) Similar-age
group with their kindergarten teacher.

Main Findings As shown in Table 3.3, 66.7% of similar-age (SA) and di�erent-age (DA) groups
have talked with each other, and half of them asked the other for help. More DA (50%) than
SA (16.7%) groups had a situation where one child took the lead. In addition, more SA (50%)
than DA (16.7%) groups experimented with the exercise independently. In general, SA groups
have better teamwork than DA. From in-�eld notes, only two DA groups showed evident
collaborative behaviors. They were not siblings and were matched with other children on
their own. The older children seemed inclined to be good mentors because they were patient
and helpful.

SA groups generally have better behavioral, emotional, and cognitive engagement than DA,
see Table 3.3. Most SA groups (83.3%) for behavioral engagement have continuously worked
on the tasks. Few (16.7%) did some unrelated new things randomly. Even fewer (11.7%) needed
motivation a�er 5 mins or two tasks. Regarding emotional engagement, all children showed
good interest in the tasks, but still more SA groups (83.3%) than DA groups (66.7%). Very
few children (16.7%) got frustrated or angry while doing the exercises. Finally, it showed SA
groups had better cognitive engagement, where they argued with each other more (33.3%),
and their attention wandered less (25.0%).

Summary Our investigation revealed two main �ndings: a) We could design interactive
constraints with tangible technologies to �force� children to attend collaborative activities
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Table 3.3: Observational results of collaboration and engagement (SA = similar-age groups, DA =
different-age groups).

Observations SA DA Better Group

Collaboration

Talk with each other 66.7% 66.7% -

Ask the other for help 50.0% 50.0% -

One child took the lead 16.7% 50.0% SA

Experiment the tasks on their own 50.0% 16.7% DA

Engagement

Behavioral

Continuously work on the tasks 83.3% 66.7% SA

Need motivation after 5 mins or 2
tasks

11.7% 33.3% SA

Try unrelated new things causally 16.7% 33.3% SA

Emotional
Interested in the tasks 88.3% 66.7% SA

Get frustrated and angry 16.7% 16.7% -

Cognitive

Argue with each other 33.3% 16.7% SA

Understand the task 66.7% 66.7% -

Attention wanders after 20 mins 25.0% 33.3% SA

naturally and interdependently; b) Tangible environments could help children have good
engagements, especially for similar-age group children. Our �ndings could provide practical
guidance on designing tangible interfaces to help children learn to collaborate.

3.1.3 CollabMaze

I designed and conducted CollabMazestudy [P6] with one of my bachelor's students. Collab-
Mazeis a tangible game to help children learn how to collaborate.

Setup CollabMazecontains two main components: two joysticks (the size is 4 � 2.6 � 3.2
cm) and a base box (see Figure 3.6). To accomplish divided movement control, one joystick
is designed for up-down movement ( y-axis), while the other is for the le�-right ( x-axis). To
prevent other directions' movement, we created wooden rails. The children can control
the game character le�-right, up-down, or beat monsters by simply moving or pressing the
joystick. We drilled a hole in the middle of the wood to make it easier to grip the joysticks as
a joystick cap.

User Study Twenty children (9 girls, 11 boys) with a mean age of 7.7 ( SD= 1.6) participated in
the user study. In the CollabMazecondition, we had ten participants (three girls and seven
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Figure 3.6: Children are playing in pairs with CollabMaze

boys) with a mean age of 7.8 (SD= 1.5). In the tablet condition, the other 10 participants (6
girls, four boys) with a mean age of 7.5 ( SD= 1.8) used the tablet. We got written consent from
the participants' parents. Participants could stop whenever they wanted.

Children work in pairs to play the maze game for around 30 mins. We have four data resources:
observation, questionnaire, interview, and system data. First, the experimenters and the
kindergarten teacher created and �lled out an observation sheet while the children were
playing. It contains observations on cooperative, competitive, and individual interdependence.
For example, the frequency, verbal and non-verbal interaction, helpfulness, and approach
are noted. In advance, possible child behaviors were considered for each item to facilitate
observation and evaluate the results later. Second, a paper post-questionnaire measured
participants' perceptions of enjoyment, interdependence, and tangible prototype usability.
We modi�ed Children Intrinsic Motivation Inventory (IMI) interest/enjoyment scale [143]
to measure participants' enjoyment, which has seven items. The Social Interdependence
Scales [60] evaluate cooperative, competitive, and individualistic perceptions. All items are
5-point Likert scale (1 = Strongly disagree, 5 = Strongly agree) and translated into German. We
read the questions for the participants, and they used Smileyometer [112] to answer.
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Main Findings Participants show no such signi�cant di�erence regarding their enjoyment
and interdependence. However, as shown in Table 3.4, children in the tablet condition used
more time to �nish the tasks than with CollabMaze.

Table 3.4: T-test results of CollabMazeparticipants' enjoyment, interdependence, and play time.

M SD t p

Enjoyment [5-point Likert scale]

Graphical UI 4.2 0.5
-0.152 .881

Tangible UI 4.2 0.6

Cooperative interdependence [5-point Likert scale]

Graphical UI 4.3 0.5
-0.830 .417

Tangible UI 4.1 0.5

Competitive interdependence [5-point Likert scale]

Graphical UI 3.6 1.0
-1.029 .317

Tangible UI 3.1 0.7

Individualistic interdependence [5-point Likert scale]

Graphical UI 2.6 0.5
-0.626 .539

Tangible UI 2.4 0.6

Play Time [min]

Graphical UI 17.2 5.8
-2.412 <.020

Tangible UI 11.1 3.4

We summarized �non-verbal� and �verbal� behaviors. The average frequency of each non-
verbal and verbal behavior for each child was recorded in Table 3.5. The results demonstrate
that the average frequency of non-verbal behaviors per child is higher in tablet conditions
than with CollabMaze. In contrast, verbal behaviors are higher with CollabMazethan in tablet
conditions.

Summary Our investigation revealed three main �ndings. First, goal interdependent in-
terfaces had high enjoyment and interdependence. Second, tangible interfaces help young
children have more ideas for communication and need less time to solve tasks. Finally, young
children using tangible interfaces were more engaged in the tasks. In the long run, our re-
sults can improve the design of tangible interfaces for young children's collaboration and
help them have a better collaborative experience. Furthermore, our �ndings showed the
value of tangible technologies compared with tablet applications in facilitating children's
collaboration.
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Table 3.5: Mean frequency of each non-verbal and verbal behavior per child in the CollabMaze
study.

Graphical UI Tangible UI

Non-verbal behaviors 14.8 12.2

1 Pointing at the iPad or computer screen(Helping) 7.3 6.3

2 Gesturing in the air with hand gestures(Helping) 3.4 2.3

3 Taking his/her partner's hand to help with the operating (Helping) 3.2 2.6

4 Directly pushing away his/her partner's hand or body to gain control
of from him/her (Helping)

0.9 1

5 Unhappy facial expressions such as frowning or pouting(Displea-
sure)

- -

Verbal behaviors 20.9 27.3

1 Talking to each other such as �upwards� (Helping) 12.8 10.1

2 Talking to each other such as �Let's take this way to get the coin�
(Sharing Ideas)

7.9 16.2

3 Talking to each other such as �You are stupid!� (Displeasure) 0.2 1

3.2 Tangibles for Shared Attention

This section is based on my published paper [P3] and submitted paper [P10]. I abstracted
the main contents to explain how we can design tangible UIs to facilitate shared attention. I
chose them for the same reason as positive interdependence projects due to their representa-
tiveness.

3.2.1 FlipCards

I designed and conducted FlipCardsstudy [P10] with one of my bachelor's students. FlipCards
aimed to create a gami�ed device for two users to learn English vocabulary together.

Setup FlipCardshas three components: a smartphone with an Android FlipCardsapplication,
a �ip box, and a lightbox with a moving and health LED bar (see Figure 3.7). The application
had an actual �ashcard use experience. We designed the �ip box to contain the smartphone,
whose close and open motions were �ipping a �card.� The lightbox has two LED strips (moving
and health bar), each with 20 LEDs. The lightbox receives data from the smartphone. The
LEDs in the moving bar light o� individually until the user answers the task. If the answer is
correct, one LED in the health bar lights on. From le� to right, if the light progress is less
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