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Figure 1: The tangible prototypes UnitRry and CollabMaze we developed and evaluated. a) Two children put knowledge cards
on UnitRry to learn relations of chicken, egg, and chicken cluck. b) One child controls left-right, the other controls up-down of
the CollabMaze to move the character out of the maze.

ABSTRACT

Understanding how to contribute to group work is challenging, es-
pecially for young children. To have a productive group process, we
need to know the mechanism of positive interdependence, which is
a fundamental element of successful collaboration. Unfortunately,
although there are many suggestions for promoting positive inter-
dependence with tangible technologies, there are few guidelines
for structuring children’s interdependent collaboration. Therefore,
we designed two tangible games, UnitRry and CollabMaze, using
weak and strong goal interdependent designs. We conducted two
user studies with 32 children. Our investigation revealed three main
findings. First, weak and strong goal interdependent interfaces had
high enjoyment and interdependence. Second, tangible interfaces
help young children have more idea communication and need less
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time to solve the tasks. Finally, young children using tangible inter-
faces were more engaged in the tasks. In the long run, our results
can improve the design of tangible interfaces for young children’s
collaboration and help them have a better collaborative experience.
Furthermore, our findings showed the value of tangible technolo-
gies compared with tablet applications in facilitating children’s
collaboration.
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1 INTRODUCTION

Collaborative activities transform traditional teacher-centered teach-
ing into student-centered learning33. Collaboration facilitates

Lietal.

one with UnitRryand paired twelve children to play with it. In the
second study we use@ollabMazepaired twenty young children to
play with it. Using our two prototypes, we found that both weak

idea exchanges and builds students' self-esteem and con dence.and strong goal interdependent interfaces had high enjoyment and

In addition, it helps to reduce anxiety and keep children active
in the learning activities L7]. However, it is challenging to know
how to contribute to group work [L5 1§, especially for young chil-
dren [39. To have a productive group process, we need to know the
mechanism of positive interdependenc®]], which is a fundamen-

tal element of successful collaboration. Positive interdependence is
an essential element for group members perceiving that they are

interdependence. We further found that the tangible prototypes

made young children have more communication and at the same
time need less task time. Finally, young children using TUIs were
more engaged in the task.

2 RELATED WORK

interconnected and that one person's success is inseparable from T0 get an insight into tangible technology for supporting children’s

the achievements of others in the groupt? 16 34. It encourages
children to work together rather than competing or individually,
promoting more negotiation and communication to resolve con-
icts together rather than unilaterally B9. If there is no positive

interdependence, there is no collaboration. As we can see, itis es-

sential to structure children's goal interdependence, but currently,
there are few studies on how to design this interdependent strat-
egy [3]. One possible reason is that without suitable technologies
for supporting the design.

Tangible User Interfaces (TUIs) are a promising solutidni[9.
TUIs are novel interactive interfaces using the control of the phys-
ical object to build a bridge between the physical world and the
digital world. TUI provides particular a ordances for fostering pos-
itive interdependence because the distributed work with particular
duties brings object ownership and also because children have more
desire to manipulate physical object39. In addition, it helps chil-
dren who do not have computer skills in particular because it is
intuitive to know how to interact with [22. Many studies B, 7] have
compared TUI with other interfaces, such as physical user interfaces
and Graphical User Interfaces (GUYputopig 39 is a tangible and
interactive tabletop application that allows students to plan for sus-
tainable land collaboratively. They compared the pairs of children
assigned particular roles in positive interdependence conditions
and the other pairs not assigned roles in the control condition. The
results showed that groups assigned speci ¢ roles spent more time
explaining their thinking or reasoning to the partner than groups
not assigned roles but had fewer con icts. In addition, it found

goal interdependence, we need to understand (1) how previous
studies have explored the collaboration for young children, (2) goal
interdependence, and (3) how tangibles have supported children's
goal interdependence.

2.1 Collaboration for Young Children

Physical object manipulation has an essential in uence on young
children's cognitive developmen®7]. Children explore the world
by acting, arranging, structuring, and counting objecd. In other
words, play promotes children's developmer7]. Furthermore,
when children interact with their surroundings, e.g., by grasping
objects and giving them a name, they can learn to think and act log-
ically [29. We want to support this process, but most traditional in-
terfaces are not suitable for children's underdeveloped motor skills
or the two-dimensional information representatior2f]. Moreover,
they do not support children's social interaction or collaboration.
To learn and develop collaborative skills, children need a physical
space for having the opportunity to communicate with peers, such
as grasping and interacting with physical objects togethw[29.
TUI bene ts children's visual-spatial thinking. VerhaedB8]
investigated whether visual-spatial reasoning tasks were more man-
ageable for 5-7 years old children when we presented them in the
tangible format, not virtual. He compared twenty- ve children and
found that the tangible group solved the tasks doubled faster and
showed signi cantly more visible problem-solving behaviors. Many
children have di culty visualizing abstract functions, such as sine,

that the assigned roles provide a positive e ect on collaborative  €0sine, and tangent. One approach to promote algebraic, geometric,
working. Fan et al[7] compared the di erences between codepen- and visual thinking are TUIs. For example, Urrutia et f36] found
dent and independent access points among university students. that students performed signi cantly better on trigonometry tests
Even though there are many suggestions for promoting positive after using a tangible tool for representing the geometric concepts.
interdependence, there are few guidelines on structuring children's Therefore, many studies have explored how TUI could collabo-
interdependent collaboration with tangible technologies and their ~ atively help children learn visual-spatial thinking. For example,
actual e ectiveness. Tangicon$29 used games to help children have their rst expe-
We guide this work by asking whether TUIs can help support rience of programming and algorithmic thinking togetheflow-
children’s goal interdependence. Therefore, we designed and de- Blocks[42 taught children mathematical and computer science
veloped two tangible prototypes, naméshitRry and CollabMaze concepts by letting them manipulate abstract structures. \ily
Here, one with weak and the other with strong interdependent the Exploref1], three children could learn about new cultures while
designs. To the best of our knowledge, we are the rst study to ex- practicing reading, writing, and counting together. It encouraged
plore TUIs that support di erent degrees of goal interdependent for collaboration because each child must complete their task to con-
young children. For both prototypes, we also designed and imple- tribute to the group goalUtopia[39, a tangible and multi-touch
mented a tabled based GUI for a baseline comparison. We conductedtabletop interface, allowed children to create their world where they
two user studies with overall the same goal and measurements for S€€ the impact of their choices on the amount of food or energy

engagement and goal interdependence. In the rst study, we use for the population. Finally, Horn et al[8] conducted a study to
examine the di erences between using a tangible and a graphical
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programming language. They found tangible conditions children
showed signi cantly higher collaborative behaviors.

TUI builds on basic skills people have in the physical world. By
interacting with real objects in a variety of ways, including touch,
press, and grasp, TUI establishes a new possibility of connecting
with digital worlds [31]. Therefore, the core idea of TUI is to make
digital information show and perceived in a physical form, which
could make information immediately graspable and manipulable
through haptic feedbackd. For children in the early stages of
cognitive development, the primary way they explore new knowl-
edge is through the intuitive and straightforward way of touching
and manipulating objects41]. Concrete objects are crucial for chil-
dren's learning because when they can solve problems without
symbolically imagining the rationale [23].

2.2 Goal Interdependence

Interdependent collaboration provides a context where promotive
interaction occurs so that interpersonal interaction produces a high
achievement §]. In order to achieve a good collaboration, it is
essential to structure collaborative activities, e.g., design collabo-
rative tasks, interdependent roles, and interactions. From Human-
Computer Interaction (HCI) perspective, we need to consider how
to design interdependent interaction mechanisms to make learners
in uence and rely on each other to achieve the same goal. Wise et al
[39] found social/technological interdependence helped children
produce more in-depth explanations and have fewer but longer
cases of resolving con icts jointly. Collazos et b] claimed inter-
dependent collaboration could motivate students to work hard and
also facilitate the explorations of new insights and understandings.
Interdependence has three types: positive (cooperation), negative
(competition), and none (individualistic e orts)14]. Positive inter-
dependence, a basic element of collaborative learnikf), efers
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key concepts: weak goal interdependence and strong goal interde-
pendence. We created them to understand the di erent levels of goal
interdependence easiaieak goal interdependence refers the
interaction and output feedback do not have to rely on two or more
users synchronously. Howevestrong goal interdependence
means that users have to interact with their own tangible objects
almost at the same time to understand the interaction output.

2.3 Tangibles to Support Goal Interdependence

TUI is well-suited for children's collaborative learnin?l, 30
because (1) it provides particular a ordances for fostering positive
interdependence; (2) The distributed work with particular duties
brings object ownership; (3) Children more prefer to manipulate
physical objects35. A ordance describes the speci ¢ physical
characteristics of objects naturally reveal what they might be used
for [23. To better design TUI for supporting collaboration, Antle
and Wisg[3] 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 [7, 39].

Compared to other interfaces, TUI compensates for using human
spatial abilities. It helps exploit our natural ability to interact with
physical objects32. GUI such as tablets can add multiple inputs,
but similar TUI is not con ned to visual and auditory senses and
could use the sensation of toucl3]]. Some researchers believe
that TUI can compensate for GUI. However, some argued that
although TUI provides haptic feedback and intuitiveness, it lacks
the portability and exibility [4].

As seen in Table 1, there were various comparative studies with
TUI and GUI for children's goal interdependence. However, dif-

to the success of one learner being constrained by the success offerent and even contradictory ndings are often foundtf. For

others in collaborative learning activitied]. There are some di er-
ent kinds of positive interdependences, [Lg, for example, positive
goal interdependence, positive celebration/reward interdependence,

positive role interdependence, and positive task interdependence.

Designing such positive interdependences could encourage children
to negotiate, solve, and discuss tasks collaborativ8§.[In other
words, interaction results should be purposely designed to have
children engage in the collaborative environment. Therefore, they
could have an interdependency to improve children's collaborative
experience [25].

Even though there are many suggestions for promoting positive
interdependence, there are few guidelines on structuring children's
interdependent collaboration with tangible technologies. However,
TUI has an a ordance to create an interdependent environment,
where children have a physical embodiment of distributed control
and social engagement around the interactive obje8§ [ It has a
technological bene t, which can be employed to facilitate face-to-
face (F2F) collaboratio®] and its social interdependenc@¥. It is
essential to explore the design space of goal interdependence with
tangible technologies to understand how could design TUI for a
better collaboration. Therefore, we investigate di erent embodied
constraints for achieving the same goal. In this paper, we had two

example, Xie et al[40] compared pairs of children playing puzzles
between physical, GUI, and TUI. The results showed that TUI and
physical outperformed GUI in terms of nishing time and engage-
ment, but not about enjoyment. They also observed parallel and
independent collaboration strategies in TUI and physical, while
children took turns in sequence in the GUI condition. Horn et al
[8] also conducted a study for comparing TUI and GUI, using a
programming language to control a robot in a museum. They found
that TUI promoted more active collaboration and was more child-
focused than GUI. However, they uncovered opposing ndings to
Xie et al [40] regarding performance and engagement. Sapounidis
and Demetriadig28] had three di erent age groups of children

in a robot programming task and found that TUI was more en-
joyable and easier to use for younger children. Cheng et[4]
compared the di erence between GUI and TUI for primary school
students without prior computing experience to learn 3D modeling.
It found no signi cant di erences in engagements. However, they
highlighted the importance of prior experience and the idea that
prior experience is one of the essential factors in assessing perfor-
mance. Finally, Almjally et al[2] indicated that GUI was better
than TUI for performance, but the TUI showed a more signi cant
improvement in attitude.
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Table 1: Good examples of previous comparative studies (Collaboration studies are marked in bold font).

Reference Interfaces Task Evaluation Findings
GUI Eﬁrfgrrgrir;cn? Performance: TUI & Physical
Xie et al. [40] TUI Puzzles Enjgoy%went Engagement: TUI & Physical
Physical Collaboration Enjoyment: no di erence
GUI Programming Performance Performance: no di erence
Horn et al. [8] Engagement ; .
TUI Robot : Engagement: no di erence
Collaboration
GUI . .
Cheng et al. [4] TUl 3D learning Engagement  Engagement: no di erence
- - GUI Programming Enjoyment Enjoyment: TUI
Sapounidis and Demetriadis [28] TUI Robot Easy-to-use  Easy-to-use: TUI
Loparev et al. [20] _IC_Slljll Bio-design Enjoyment Enjoyment: no di erence
. GUI . . . . .
Pollalis et al. [24] TUI Archaeological artifacts Enjoyment Enjoyment: no di erence
GUI Performance Performance: GUI
Almjally et al. [2] TUI Programming Attitude Attitude: TUI
Enjoyment Enjoyment: no di erence

4 TANGIBLE PROTOTYPE DESIGN

3 RESEARCH QUESTIONS

As we can see from related work, previous studies got con icting re- There are two conditions for creating positive goal interdependence:
sults using tangible and graphical interfaces. Some interfaces were set a clear group goal and design constrained or codependent ac-
designed for collaborative activities, but the collaborative mecha- cesses. Such designs aim to motivate group members to commit to
nisms were unclear. In other words, users do not know their role  working together and let everyone realize the responsibility for the
and have no codependent access, leading to a negative collaboration,group's success. More speci cally, we need an embodied facilitation
such as parallel and independent collaboration. Furthermore, the design P, 31], which contains three concepts: (Embodied con-
most critical element of collaboration positive interdependence straintsmeans to favor some actions and restrict others,ri{Rjitiple
was not mentioned. None of these studies compared di erent inter- access pointaeans to ensure that users can interact equally and
faces to support positive interdependence. Therefore, we propose simultaneously, and (3pilored representatiomsfer the interaction
two research questions: depends on the knowledge of the users. As shown in Table 2, we
chose two contexts for designingnitRry and CollabMaze
To get the idea oUnitRry, we interviewed a kindergarten teacher
RQ1:What are the e ects of the tangible interface withweak (61 years old, female) who had worked in the kindergarten for
or strong goal interdependence design on young children's over 25 years. She told us di erent exercises they did with the
collaboration, enjoyment, and performance? children and particularly mentioned a card game. This game has
RQ2: Compared to touchable tablets, what are the charac- many pictures, and the children need to nd two di erent cards
teristics of tangible interfaces to support young children's  that could match (e.g., hand and glove, garden and house). We used
goal interdependence? a similar idea for designindJnitRry, where two children need to
nd cards that have some relationships. If the children put the
cards on a common board (see Figure 2h)itRrywill give them an
To explore the above research questions, we designed two tan- automatic feedback. Therefore, we could see how the actual e ects
gible prototypesUnitRrywith weak goal interdependence design  of our design on helping children work together without external
andCollabMazavith strong goal interdependence design. Corre- help. Two children of similar age work together. Before the game,
spondingly, we conducted two studies, which aimed to: (1) explore we told them that each had a box of cards and was only allowed to
an iterative design method to develop tangible prototypes with use their cards when solving the tasks.
weak or strong goal interdependent design for young children; CollabMazecame from the brainstorming of strong goal in-
(2) evaluate the e ects of such design on children's collaboration terdependent design , where children have to rely on each other,
and enjoyment; (3) investigate the characteristics of such designs immerse themselves, and have fun. It is well known that games are

on supporting young children's goal interdependence compare to natural and favorite activity for children. After investigating the
GUI with the same tasks.
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Table 2: Goal interdependent design of UnitRry with weak in-
terdependence and CollabMaze with strong interdependence.

UnitRry CollabMaze
Context Learn daily common rela- Move the game character
tions (e.g., honey, bee, andto get out the maze
sound of bee)
Group Goal  Find related cards and put Move the game character
them on the board to exit the maze
Embodied None One child controls the

Constraints movement of left-right,
the other controls up-

down

Multiple Ac-  Two children have the Two children have similar

cess Points  same amount of cards opportunities to move the
game character

Tailored Two children are similar The tasks are easy to un-

Representa- years age and have simi-derstand and do not need

tions lar cognitive development previous knowledge

current games played by children, we found a traditional and easy-
understanding game called Maze. Maze starts from ancient Greek
culture and continues today. As a child-friendly and concentration-
enhancing game, we chose the maze as our collaborative context
where two children were forced to work togetherto nd the maze
exit. It requires both children's active and equal participation to
create positive interdependence. The movement of the game char-
acter is divided between two children, where one child controls the
horizontal movement, and the other is responsible for the vertical
one. To move the game character, both children should collaborate
and rely on each other. The goal is for two children to work together
and nd the exit.

4.1 UnitRry for Weak Goal Interdependence

When developindJnitRrytablet application, we used Unity soft-
ware. It contains logic and graphic representation. The tablet ap-
plication receives messages from the buttons or Radio Frequency
Identi cation (RFID) readers connected to the Arduino and sends
the LED information to the Arduino. A package calleddity! was
used for this. It enables serial communication via a communication
port between the Arduino software and the Unity software. We pro-
grammed a tablet application that could be used with tHaitRry
and also on the tablet. When starting the application, it displays
a menu that the children can select from four task levels. We had
two di culty levels, one for putting three cards and the other one
for four cards. If the children use thB&nitRry, a task explanation
animation appears at the beginning to let the children understand
how to interact with UnitRry. The UnitRry system has four levels
of tasks. In level one and two, children need to nd three common
cards, e.g., barking sound, dog, and bones. In level three and
four, they require to search four common cards, for instance, car,
bus, plane, and petrol station . Each level has seven tasks.

We also made an animation of how to use the help button. Chil-
dren can either drag or drop the pictures to place on the speci ¢
card eldsinthe tablet condition. There is a smiley on the right side.

Lhttps://ardity.dwilches.com/
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It looks sad. Only when the children put all the cards correctly (no
matter the order) do its similes. When the children have problems
and press the help button, some unrelated pictures will disappear
for 30 seconds, which helps the children narrow down the options.

To develop theJnitRry hardware, we used an inexpensive tech-
nology (i.e., RFID). A 22 mm diameter RFID sticker with a unique
identi cation number was a xed to each playing card. We designed
ten 4.5 4.5 cm cards with blue and red color for each child (see
Figure 2b). In addition, we made a 3620 8 cm box with four
locations to put the card. Four RFID readers (MRFC 522) were im-
plemented to read the cards. Furthermore, we made a help button.
Children could use it only when it is green. This green color shows
only after three minutes of each task.

4.2 CollabMaze for Strong Goal
Interdependence

CollabMazéas two parts: one is the digital maze (i.e., GUI), and
the other is the tangible controller. The digital maze was run on an

iPad and was made with Unity with the version 2019.3.15f1. First,
the children can choose their character from three avatars. Then,
they need to choose a maze from six options with a teaching demo.
The teaching demo is a setting in which the character can move
around without obstacles, i.e., there are no mazes or walls in this

'space. It contains all the elements of the game: monsters, coins, keys,

and the start and endpoints. At the bottom, we designed two sets
of control buttons (see Figure 2c), consisting of up-down buttons
and an attack button (star). In the middle is an area displaying
information on collected and need-to-be collected coin numbers
and the current status of the keys obtained. The red wall, in the end,
will be opened automatically only when enough gold coins and
keys have been collected. There is no such compulsory requirement
regarding monsters, but the monsters will block the path in the
normal levels and do not allow the player to pass. So the children
are forced to kill it to get through. After they reach the destination
(pictorial trophy), the You did it screen is presented, providing the
total time spent and the walking time. One basic design is that all
the mazes have two exits as a stimulus for negotiation. From Level
1to Level 5, the maze size increases, and more coins and monsters
appear.

CollabMazédardware contains two main components: two joy-
sticks and a base box (see Figure 2d). The joystick module that
we used was the KY-023 two-axis analog joystick with 2.6
3.2 cm. To accomplish divided movement control, one joystick is
designed for up-down movemeny<{axis), while the other is for the

Table 3: Apparatus used in the four conditions.

Game Condition  Apparatus
UnitRry GUI Acer Switch 3 Convertible (12.2",
1920 1080 px)
TUI Lenovo ideapad 5 Laptop (15.6", 192080

px) + UnitRry prototype

iPad Pro (12.9", 2732048 px)

HP Laptop 17-cb1xxx (17.3", 192@80 px)
+ CollabMazerototype

CollabMaze GUI
TUI
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