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Abstract This paper describes a case study that took place
at the Public Research Centre Henri Tudor, Luxembourg in
November 2012. A tangible user interface (TUI) was used
in the context of collaborative problem solving. The task
of participants was to explore the relation of external parameters on the production of electricity of a windmill presented on a tangible tabletop; these parameters were represented through physical objects. The goal of the study was
to observe, analyze, and understand the interactions of multiple participants with the table while collaboratively solving a task. In this paper we focus on the gestures that the
users performed during the experiment and the reaction of
the other users to those gestures. Gestures were categorized
into deictic/pointing, iconic, emblems, adaptors, and TUIrelated. TUI-related/manipulative gestures, such as tracing
and rotating, represented the biggest part, followed by the
pointing gestures. In addition, we evaluated how active was
the participation of the participants and whether gesture was
accompanied by speech during the user study. Our case study
can be described as a collaborative, problem solving, and cognitive activity, which showed that gesturing facilitates group
focus, enhances collaboration among the participants, and
encourages the use of epistemic actions.
Keywords Deictic/pointing gesture · Emotion ·
Iconic gesture · Tangible user interface (TUI)
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1 Introduction
This paper describes the results of a case study that was conducted at the Research Centre Henri Tudor, Luxembourg in
November 2012. The study aims at evaluating user’s experience by means of their gesture performance when using a tangible user interface (TUI) in a collaborative problem solving
situation. The user study examines the frequency and types
of gestures, speech-accompaniment of gestures, and gesture
behavior based on the space used by the participants. The
results of the study provide input on which design aspects of
TUIs are effective for measuring collaborative problem solving and contribute to the development of assessment models
and methods.
TUIs are an interface type that interlinks digital and physical worlds. The term tangible user interface has been established by Ullmer and Ishii [1] who defined it as follows:
“[TUIs] give physical form to digital information, employing physical artifacts both as ‘representations’ and ‘controls’ for computational media. Tangible user interfaces (…)
couple physical representations (e.g., spatially manipulable
physical objects) with digital representations (e.g., graphics
and audio), yielding user interfaces that are computationally
mediated but generally not identifiable as ‘computers’ per se”
(pp. 916–917). Shaer and Hornecker [2] defined a TUI as an
emerging post-WIMP (windows, icons, menus, and pointers)
interface type that (…) allows users to quite literally grasp
data with their hands. Applications of TUIs include, among
others, urban planning, learning and gaming, storytelling,
and augmented reality-based applications.
When used in education, TUIs seem to provide a technical mean to assess so-calledtwenty-first century skills and
in particular higher order thinking skills (HOTS) (Schraw
and Robinson [3]). Nevertheless, using new technologies for
technology-based assessment requires that their impact on
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assessment scores with respect to learning performance is
well understood. Especially in collaborative settings the relevant interactions between users and the system need to be
tracked and mapped to the assessment constructs, which we
want to measure (i.e., knowledge and skills).
Today, TUIs support different ways of interaction apart
from haptics, such as speech and gestures. Ishii [4] mentioned
that the use of kinesthetic gestures and movement to promote
learning concepts is a promising domain. However, although
gesturing is a natural and intuitive way of communication, the
connection between gesture studies and TUI-based assessment has not been investigated yet. Therefore, the overall
goal of our study is to observe and understand the role of gestures during an activity of collaborative problem solving on a
tangible tabletop. The study was a complex problem solving
task in a simulation environment, where ten groups of three
participants each had to explore through physical objects on
a TUI how to maximize the electricity produced by a windmill. We observed and analyzed the gestures performed during the empirical study and have drawn conclusions regarding their frequency and types, as well as the level of activity
shown by users, and the emotional effects the study had on
them. Through our investigations, we have found that gesturing simplifies thinking processes, facilitates group focus,
and enforces coordination among the participants.
The paper is structured as follows: Sect. 2 presents related
work on TUIs: TUIs vs. GUIs, problem solving and spatial
cognition, and TUIs and gestures. Section 3 discusses the
experimental set-up (3.1) as well as the methodology we
followed (3.2). Section 4 presents our gesture taxonomy and
our gesture evaluation. In Sect. 5 we discuss some overall
findings of the study, and conclude the paper in Sect. 6 with
some future prospects.
2 Related work
2.1 Comparison of TUIs with GUIs
Ishii [5] stressed an important distinction of the “physical”
aspect between GUIs and TUIs: although standard GUI interface devices (keyboards, mice, and screens) are also physical, the physical representation in a TUI allows for the tight
coupling of control of the object and manipulation of its parameters in the underlying digital representation.
Many researchers have compared TUIs with GUIs until
now. However, in 2007 Marshall et al. [6] mentioned that
“while there are many claims made about the benefits of tangibles compared with other kinds of interfaces (e.g., GUIs,
speech) we really do not know why, how or whether they can
be substantiated”. This is true, as several studies show that
TUI is more inviting and engaging than GUI, such as Horn et
al. [7], whereas others did not find significant differences in
engagement and enjoyment for children with no prior com-
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puting experience (Cheng et al. [8]; Xie et al. [9]). Tuddenham et al. [10] compared multi-touch with TUI and with
mouse and puck, and found that TUI outperformed multitouch and mouse and puck regarding task completion time,
error rate and preference rates, but not regarding comfort.
A very recent review in 2013 of Zuckerman and Gal-Oz
[11] reported 11 studies from 1997–2011 where different
interfaces were compared, such as TUI versus GUI, physical
interaction vs. multi-touch, TUI versus GUI versus physical
interaction, etc. Out of all cases where TUI was compared
to GUI, they found out that TUI outperformed GUI in different aspects, such as ease of use, task completion time, or
engagement in 86 % of the cases.
2.2 TUIs, (spatial) cognition, and problem solving
There are contradictory opinions regarding whether TUIs
enhance user’s cognitive capabilities. Although some studies
showed that TUI enhances cognitive skills in spatial organization strategies (Patten and Ishii [12]), others could not show
any advantages in the context of learning (Fitzmaurice and
Buxton, [13]; Marshall et al. [14]). A recent empirical study
analyses the benefits of tangible representations onto users’
cognitive abilities (Esteves et al. [15]). The authors found
that, in comparison to a graphical and a touch version, the
TUI supports the most rapid execution of epistemic actions.
In contrast to pragmatic actions, which contribute directly
towards the overall goal of the task, epistemic ones are used
to simplify the thinking process. They aim at altering the
environment in order to better understand the context and
search for a solution or strategy to perform a next step (Kirsh
and Maglio [16]). According to Fitzmaurice [17], epistemic
action can support a user’s cognition by (1) reducing the
memory load involved in mental computation, (2) reducing
the number of steps in mental computation, and (3) reducing
the probability of error of mental computation.
In fact, only a few works analyze the cognitive benefits
of TUIs in problem solving activities. Sharlin et al. [18]
developed Cognitive Cubes, a computerized tool for 3D constructional assessment. They tested the potential impact of
this tool on cognitive assessment and cognitive training. The
Cognitive Cubes theme follows a simple assessment model:
showing participants a virtual 3D prototype and asking them
to reconstruct it physically with a spatial TUI. The prototype
presented to the participants was an abstract 3D geometrical
shape, constructed of generic-looking building blocks. They
studied its response to three factors: participant age young
vs. elderly), task type (follow, match and reshape), and shape
type (2D, 3D). As the cognitive load of a task increased, cognitive abilities are stressed. They also found that the heaviest
cognitive demands were involved in working with 3D shapes.
More on TUIs and spatial cognition, but from designers’
viewpoint, Maher and Kim [19] studied the effects of TUIs
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on designers’ spatial cognition and design communication
in order to identify how TUIs can be used to provide better
support for collaborative design. They compared TUIs with
GUIs in a collaborative task in order to test the impact these
user interfaces have on spatial cognition. They found that
in terms of perceiving the location of an object or space,
designers in the GUI environment focused on the individual
location itself whereas designers in the TUI environment paid
more attention to spatial relations among objects or spaces.
More precisely, designers in the TUI sessions exhibited the
following patterns of behavior:
• performed multiple cognitive actions in a shorter time;
• re-visited a previous design frequently while coordinating
design ideas;
• created and attended to spatial relations such as local and
global relations;
• discovered a space or feature of an existing object unexpectedly;
• produced more re-interpretation actions.
2.3 TUIs, gestures, and cognition
Research in gesture on TUIs is still at its infancy. According to the International Society for Gesture Studies, gesture
studies is a rich interdisciplinary field, concerned with examining the use of the hands and other body parts for communicative purposes. Gesture researchers work in diverse academic disciplines including, among others, linguistics, psychology, communication, and computer science. Communication plays a crucial role in collaborative problem solving
activities. Thus the connection between gesture studies and
TUI-based collaboration and assessment is very tight, but it
needs further research, as there are not many advances yet
towards this direction.
There are many ges-ture typologies in the literature, such
as in Efron [20], Ekman and Friesen [21], Krauss et al. [22],
and McNeill [23]. Specifically about gesture on TUIs, the
most prevalent type of gesture is pointing. However, there are
more types than pointing (see Sect. 4). Goodwin [24] considers pointing as part of events provided by other meaningmaking resources, such as speech, spatial properties, body
posture, and collaborative action. For this reason, we analyzed whether gestures were supported by speech or not during the study.
Murphy [25] analyzed gestures as establishing visual
attention through making information on a map, on the
screen relevant for the interactive purpose. He used data collected during ethnographic fieldwork in an architecture film.
Although he follows the basic principles of McNeill’s [23]
typology, he makes a separate distinction between making a
representation and the representation itself. Based on Goodwin [24], Murphy [25] defined tracing gestures when indi-
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viduals highlight the outline of a particular feature in the
environment by pointing a finger (or using an object, like a
pencil) at it and dragging it along or near the feature’s surface. Murphy [25] categorized tracing gestures as both iconic
and deictic.
A tool where 3D gestures are recognized is Beyond (Lee
and Ishii [26]); it manipulates digital media with physically
retractable tools and hand gestures. Ishii [26] pointed out that
gestures in 3D effectively help users to convey their intentions
that are abstract but at the same time related to spatial or
shape-related senses.
As far as the relation between gesture and cognition is concerned, Goldin-Meadow et al. [27] as well as Alibali et al.
[28] stated that gesturing reduces the cognitive load for both
adults and children, particularly during explanation tasks.
Morsella and Krauss [29], exploring the role of gestures in
spatial working memory and speech, stated that people often
make a variety of movements as they perform cognitive tasks.
Moreover, Ping and Goldin-Meadow [30] demonstrated that
gesturing continues to confer cognitive benefits when speakers talk about objects that are not present, and therefore cannot be directly indexed by gesture. They also showed that
“the cognitive benefit conferred by gesturing is larger when
novice learners produce gestures that add new information
to the information expressed in speech than when they produce gestures that convey the same information as speech,
suggesting that it is gesture’s meaningfulness that gives it the
ability to affect working memory load”. Klemmer et al. [31]
pointed out that systems that constrain gestural abilities (e.g.
having the hands stuck on a keyboard) are likely to hinder the
user’s thinking and communication. Thus generally, less constraining interaction styles are likely to help users think and
communicate. Similarly, Shaer and Hornecker [2] stated that
“by providing users with multiple access points to the system
and maintaining their physical mobility (as hands need not
be confined to the keyboard and mouse), TUIs enable users
to take advantage of thinking and communicating through
unconstrained gestures while they interact with a system”.
They added that some TUIs utilize gesture as input modality either in the form of a symbolic gesture language or as
imitation of real-world daily actions. Kirk et al. [32] stated
that the kinesthetic memory of moving a tangible object can
increase the recall of performed actions, preventing mode
errors, as interacting with a physical object can be equivalent
to an implicit, user-maintained mode.
Moreover, gesturing facilitates group communication,
since pointing or motioning to a shared object during a discussion provides a clear spatial relationship to the object for
the gesturer and the group members (Bekker et al. [33]; Tang
[34]). In addition, the group focus is maintained, as body
positioning and eye gaze of group members attending to the
same object can be easily interpreted by other group members
(Suzuki and Kato [35]).
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Last but not least, Kim and Maher [36] carried out a user
study to examine in which interface users perform more gestures (TUIs or GUIs). They compared designers using a TUI
on a tabletop system with 3D blocks to designers using a
GUI on a desktop computer with a mouse and keyboard.
They found that in the TUI sessions, designers employed
more and expressive gestures with whole body interaction
with the representation. In contrast, designers using the GUI
exhibited small-scale finger movements using the mouse.
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tions that cannot be traced). This helps to work collaboratively on one single experimental unit.
This paper focuses on the analysis of gestures performed
during this second study. In the next sub-sections we describe
the research goal and questions (3.1), the subjects and task of
the study (3.2) and the data collection and analysis methodology (3.3).

3.1 Research goal and questions
3 Empirical study
Our user study was designed to measure higher order thinking
skills (HOTS), examine whether and what kinds of gestures
are employed, and also whether the collaborative cognitive
abilities of the users are enhanced. Maquil and Ras [37] generally stress the lack of appropriate tools and methods for
measuring individual skills in a collaborative problem solving activity. This is why they run user studies with a TUI to
explore and understand (a) how authentic collaborative problem solving situations can be created and (b) how the solving
strategies can be measured while users interact with the TUI
(see Ras et al. [38]). The first study investigated the use of
a matching item to assess the recall of factual knowledge;
the task was to assign the correct name to the corresponding
image of a planet. The second study used a simulation item
and showed potential to measure HOTS; the task here was
to explore and understand the relation of external parameters to the production of electricity in a windmill. Ras et al.
[38] focused on a video analysis of the collaborative work
and interviewed assessment experts in order to derive a list
of tensions and also advantages using a TUI for assessment
[38]: Users reported that the physical objects enable more
efficient interactions, such as turning a parameter without
looking at it, in order to be able to monitor another value
of the simulation. This positively impacts the usability and
user experience that was measured with a questionnaire. It
was interesting to observe that non-reactive spaces, such as
the frame of the TUI, were used during the task. In general,
the study yielded that users could recognize the perspective
of other users and that they collaboratively conducted small
experiments that supported them to construct knowledge and
understanding in a team. However, also several tensions were
detected when physicality is added to the solving task: Users
can hardly face exactly the same conditions around the table,
interactions may be very unstructured and distributed across
different spaces and modalities, hence, it is difficult to trace
for the system. In addition, manipulation possibilities may be
new for the users, requiring a learning phase at the beginning.
As mentioned before, the simulation item requires that the
users actively synchronize their actions of manipulating and
observing the environment (i.e., to avoid parallel modifica-
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The goal of our research is to examine gestures during the
case study described above and more precisely the gesture
frequency, types, speech-gesture alignment, and reactions of
other participants to the gesturing. For these reasons we posed
four research questions before setting up the user study:

1. Does the duration of interaction vary with respect to the
position around the table?
2. Do people gesture during the study and if yes, how frequently and which types of gestures do they perform?
3. Does the gesture of one participant result in gestures performed by other participants?
4. Do people speak during gesturing?

The first question aims at analysing whether the position of
the participants around the table as well as the space and
objects they are using affect their gesture behavior. It should
be noted that by object(s), we refer to the physical objects
that can be manipulated and by TUI the projection of digital
objects. To answer the second question, we had to distinguish between different gesture types (see Sect. 4) and then
check how often and which type of our distinguished gestures the participants used. For the third question, we had
to check from the annotation the reaction of the other participants (if any) when one participant gestured. The fourth
question aims at speech-gesture alignment. Although, we did
not do speech transcription of the data, we annotated when a
participant was speaking while gesturing or not. With these
questions we wanted to investigate the following: whether
the spatial context affects the gesture performance (question 1), the frequency and types of gestures (question 2),
the collaboration and coordination among the participants
(question 3), and the focus and use of epistemic actions during the study (question 4). Based on these research questions, the hypotheses for our study are that many gestures
enforce collaboration and boost group focus (questions 2,
3, 4) and the person in the middle (Position 2), who is further away from the objects than the other two participants,
will not perform as many gestures as the other two participants.
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3.2 Subjects and task
The user study took place in November 2012 at the Public
Research Centre Henri Tudor in Luxembourg. 30 participants
(21 male, 9 female) took part in the study and they were not
familiar with TUIs. The participants were assigned randomly
to ten groups of three subjects each. There were three participants in each session in order to promote speech and gestural
interaction and to improve collaboration between the participants.
The task of the test subjects was to empirically understand
the effects of each parameter on windmill performance without any a priori knowledge of what those parameters control
in the physical world. This task can assess collaborative complex problem solving and reasoning skills, i.e., HOTS. The
main goal was not to develop a perfect assessment model
and method, but rather to observe the interaction between
the users and system, including also what kind of gestures
they performed. Further, we provided six round physical
objects made of cardboard, which represented parameters,
such as wind speed, number of wheels, and height of the
windmill; they were accordingly labeled with a word/phrase
and an icon (e.g. word “temperature” and a thermometer as
an icon). The participants could place those parameters anywhere on the projection area, and increase or decrease the
value of these parameters through rotating them. The users
could affect the production of electricity of a windmill and
make it accordingly more efficient, faster, etc. by manipulating these objects. They could see in real time how the output
parameters and the look of the windmill changed based on
the manipulation of the input variables (see Fig. 1a). The
physical objects were initially placed on the frame of the
table; the participants started the experiment by placing the
objects one by one on the TUI (Fig. 1b). Figure 1 shows
a top view with all objects and their projection on the TUI
(A), a pointing gesture to an object (B), and collaborative
pointing (C) meaning that two or more participants gestured
simultaneously.
After the participants decided that they understood the
relation between the different parameters, they had to individually fill in a multiple-choice paper-based questionnaire
that assessed (a) the gained knowledge and (b) the usability
and user experience. The simulation environment was not
accessible anymore after moving forward to the questionnaire.
3.3 Data collection and analysis
There were two cameras recording, one had a viewing point
from the top at the TUI and the other was horizontally viewing
at the participants and the TUI. The second perspective was
used to annotate and accordingly evaluate the videos. The
duration of the sessions was between 03:36 (min:sec—the

Fig. 1 Movable objects on the TUI (a), pointing gesture to an object
(b) and collaborative pointing (c)

shortest) and 09:30 (the longest), with the average time being
5:36 min.
The debriefing questionnaire was composed of 29 questions. The aim was to measure usability (four constructs, 23
questions) and user experience (one construct, six questions).
Usability was measured by the constructs: performance
expectancy, pragmatic quality of the physical and visual
objects (windmill and tachometers), and effort expectancy.
The user experience was assessed with six items: conventional or inventive, unimaginative or creative, conservative or
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innovative, dull or captivating, undemanding or challenging,
ordinary or novel. These constructs and items were based on
TAM (Davis [39]), SUS (Brooke [40]), UTAUT (Venkatesh
et al. [41]), and AttrakDiff (AttrakDiff [42]) and adapted to
technology-based assessment context. The presentation of
the results of these questionnaires is outside the scope of this
paper but can be found in [37].
In order to answer the above questions, one researcher
had to annotate the collected video data. For this purpose
we used ELAN (Wittenburg et al. [43]). ELAN was used
to create com-plex annotations on video resources (gesture
type, gesture phase, etc.). We used same tiers and layers in
order to have a consistent evaluation along all sessions.
A descriptive statistical analysis was performed afterwards using the collected data.

4 Gestures
The philological foundations about gestures and mind were
established by McNeill [44], based on Kendon [45], and
thus gestures were classified into gesticulation, pantomime,
emblem, and sign language. Gesticulation is characterized
by the use of unconventionalized hand-and-arm movements
that are almost always accompanied by speech. Gesticulation is further classified into iconic, metaphoric, rhyth-mic,
cohesive, and deictic gestures. Iconic gestures resemble concrete objects or actions (e.g. showing a spherical shape to
represent a ball), while metaphoric gestures create images
of abstractions (e.g. showing a spherical shape to represent
the idea of wholeness). Metaphoric gestures are similar to
iconics in that they present imagery, but present an image
of an abstract concept, such as knowledge, language itself,
the genre of the narrative, etc. (p. 80). Rhythmic gestures
are repetitive flicks of the hand or fingers. Cohesive gestures
reoccur to show the continuation of a particular theme; e.g. in
political speeches, where thematically related but temporally
separated parts of the discourse need to be linked together.
Deictic gestures point to a place or to things in an environment. Pantomimes are gestures where absence of speech is
obligatory, whereasemblems are gestures that may optionally
accompany speech and have a direct verbal translation. A sign
language is a fully systematic and conventionalized language
system. According to McNeill [44], iconic, metaphoric, and
deictic gestures belong to representational gestures, defined
as gestures that convey semantic content by virtue of the
shape, placement, or motion trajectory of the hands. As some
authors following McNeill’s [44] gesture categorization disagree about the category in which a particular gesture should
belong, future direction gesture lexicon approaches by Kipp
[46] could be taken into consideration. He includes in the
gesture lexicon the following gestures: adaptors, emblems,
deictics, iconics, metaphorics, and beats.
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McNeill [44], based on Kendon’s continuum [45], differentiated between a complex of four separate continua, each
based on an analytically distinct dimension along which the
types of gestures (gesticulation, emblems, etc.):
i. Continuum 1: relationship to speech (reducing from gesticulation to sign language or pantomime)
ii. Continuum 2: relationship to linguistic properties (ascending from gesticulation to sign language)
iii. Continuum 3: relationship to conventions (ascending
from gesticulation to sign language)
iv. Continuum 4: character of semiosis (gesticulation is
global/synthetic, pantomime segmented/synthetic,
emblem global/analytic, and sign language segmented/
analytic)
Convention (Continuum 3) means that the forms of gestures
and the meanings with which they are paired meet some kind
of socially constituted or collective standard. For example, it
is because the gesture is ruled by convention that only forefinger and thumb contact are recognizable as OK (McNeill
[44], p.10).
Within the context of human–computer interaction (HCI),
there is a taxonomy of gestures developed by Quek [47];
based on this taxonomy, meaningful gestures are differentiated from unintentional movements. Meaningful gestures
are classified into communicative and manipulative gestures.
The former have an inherent communicational purpose and
the latter are used to act on objects in an environment. Manipulative gestures can occur both on the desktop in a 2-D interaction using a direct manipulation device (mouse, stylus),
as a 3-D interaction involving empty handed movements to
mimic manipulations of physical objects (virtual reality interfaces), or by manipulating actual physical objects that map
onto a virtual object in TUIs. Wexelblatt [48] provided an
overview of the primary classifications referred to in some
computing literature too.
Last but not least, there is a category of gestures showing emotions, like uncertainty, happiness, surprise, disappointment, etc. Ekman and Friesen [21] divided gestures into
five categories: emblems, illustrators, regulators, affects displays, and adaptors. Adaptors are gestures that are not used
intentionally during a communication or interaction, but are
done almost subconsciously as a reflex action. Thus they
are an important source of involuntary information about the
psychological states of individuals who exhibit them. They
can take two forms: (1) body-focused, e.g. scratching or (2)
object-focused, e.g. smoking. Body-focused gestures are representations of uncertainty, whereas object-focused gestures
depend on the type of information and the type of listener
available.
Moving back to our research questions, in order to answer
the question about the frequency and types of gesture, we had
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to classify gestures in specific categories that were expected
to occur during such a user study. Thus based on Ekman
and Friesen [21], McNeill [23], Goodwin [24], Murphy [25],
and Maquil et al. [49] we categorized gestures into five main
categories:
1. Deictic/pointing gestures: point something/ somewhere;
2. Iconic gestures: indicate distance, depth, or height or
describe the shape of an object;
3. Emblems: have a direct verbal translation and can be
interpreted differently by different cultures;
4. Adaptors: are not used intentionally during a communication or interaction;
5. TUI-related/manipulative gestures: occur specifically in
interaction with TUIs.
The difference between the first four categories and the fifth
category is that the first four are touch-less gestures, while
the fifth involves touch. The fifth category can be regarded
as being comprised of manipulative gestures that are used to
alter the configuration of physical objects which are mapped
onto a virtual object in a TUI. In order to clarify these categories, we subcategorized them with regards to what was the
pointed to/indicated. The results are shown below:
1. Deictic/Pointing
i.
ii.
iii.
iv.
v.
vi.

Object;
TUI;
First object and then TUI;
First TUI and then object;
Other participant(s);
Collaborative pointing.

The distinction between the categories i., ii., and v. is straightforward. Pointing to two or more objects sequentially belongs
to the first category as well. Similarly, the case when a participant points to two or more places on the TUI belongs to
the second category. A gesture unit (g-unit) is a sequence
of contiguous gestures where the hands only return to a rest
pose at the end of the last gesture (Kipp [46]). The iii and iv
categories include a single pointing gesture with the whole
three phases of a g-unit: preparation, stroke, and retraction
phase. The finger/hand was pointing first to a physical object
and then to the TUI or vice versa. Murphy [25] and Maquil et
al. [49] defined these gestures as cohesive – relational (first
point somewhere and then somewhere else). Murphy [25]
defines relational gestures as “two seemingly distinct gestures in immediate proximity to each other, but seem to be
variations on the same theme”. Collaborative pointing (vi)
means that one or more people point simultaneously (to an
object/TUI/both). The case when one user retracts pointing
(meaning moving the arms to the rest position) when another
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person started pointing, does not belong to the category of
collaborative pointing.
The standard pointing gesture, meaning that is performed
by the majority of the participants is using the index finger.
However, there were some variations of pointing gestures,
namely (1) with open hand, (2) with the middle finger, (3)
with two fingers (index and middle finger) simultaneously
and (4) a pen.
The second category is the iconic gestures. This category
is subcategorized as follows:
2. Iconic:
i. Encircling: making a circle with fingers in the air representing the turning of the physical object;
ii. Moving an open hand forward/backward: representing
distance and/or asking from a participant to move the
physical object forward/backward;
iii. Moving an open hand downwards vertically: representing depth.
The iconic encircling gestures should not be mixed with
any gestures that represent a circle. There were two cases
where participants did an “encircling” gesture, but this was
an emblem gesture representing repeating something; thus it
had no relation with rotating an object in the experiment.
Emblems follow in the fourth category and are categorized
as follows:
3. Emblems:
i. Holding open hand: prompting other participants to wait
or stop interaction;
ii. Raising hand with palm up: indicating uncertainty, such
as questioning “what are we/you doing?”;
iii. Showing an open hand: prompting other participants to
continue interaction;
iv. Raising finger/arm (open hand): indicating uncertainty,
such as “I do not know”;
v. Shaking fingers in a circular way: indicating fuzziness,
like “so and so”.
Regarding adptors we focus on uncertainty, as this was the
prevalent emotion during the study.
4. Adaptors
i. Head/chin/nose scratching;
ii. Touching nose/mouth.
The fifth and last category is the TUI-related gestures:
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5. TUI-related/manipulative gestures
i. Placing: taking the object from the table’s frame and
putting it on a specific position on the TUI;
ii. Tracing: moving the object to another place of the table
by dragging it on the TUI;
iii. Rotating: turning the object from right to left or left to
right;
iv. Moving: holding up the object from table and placing it
somewhere else on the TUI.
Rotating should not be confused with the iconic encircling
gesture, as the former means that the object is placed on the
TUI, while the latter resembles turning an object around in
the air.
4.1 Evaluation
In this section we provide descriptive statistical information
as an answer to the research questions we posed in Sect
3.1. The first question was about the distribution of activities between the three participants. The active participation
was measured based on the frequency of all kind of annotated
gestures (deictic, iconic, adaptors, emblems, andTUI-related
gestures). Figure 2 shows the participation of ten groups
(three subjects each) in three positions. It should be mentioned again that the participants were all different in all ten
sessions. In Fig. 2, Position 1 represents the participant staying at the left of the TUI, Position 2 in the middle, and Position
3 at the right side of the TUI.
In 3 out of 10 sessions, one participant ranked more than
50 % (56, 55.3, 51.9 %), showing that he/she was the most
active person in the interaction. Noteworthy is that in all three
cases this was the person staying at the left of the TUI. In
fact, the person to the right of the TUI had equal chances
as the person being at the left of the table. The fact that the
person in Position 1 was more active than the participant
in Position 3 may be attributed either to chance or to the
personality of the participant. Spatial non-verbal attributes,
such as body attitude, gesture amplitude, and motion direction have been shown to be indicators of personality (North

Fig. 2 Active participation of 10 groups in 3 positions
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Fig. 3 Types of gestures used in 3 positions in 10 Sessions

[50]; Argyle [51]). Extraverts, generally speaking, talk more,
faster, louder, and use more gestures than introverts (Lippa
[52]). However, the fact that the person in Position 1 was an
extravert is only a hypothesis that has to be proved by means
of a personality questionnaire (see future work). In any case,
the person being in the middle has fewer chances to interact as much as the other two participants; this is because the
physical objects are farther away from him/her and closer to
the other two participants, i.e. placing gestures are difficult
to be performed by this user (not impossible, though). In our
case only in 2 out of 10 sessions the participant in the middle
had the most active participation compared to Position 1 and
3.
As depicted in Fig. 2, the participant in Position 1 was
more active than in Positions 2 and 3 in five sessions. The
minimum participation was 12.5 % by a participant in Position 3 in Session 9 and the maximum 56 % by a participant
in Position 1 in Session 10.
Figure 3 below depicts the three different and most frequent types of gestures: manipulative, deictic, and iconic,
along the 10 sessions and the participants in 3 Positions.
On one hand, in 8 out of 10 sessions, the person in Position 2 employed less manipulative gestures than the person in
Position 1, and in 1 session equal amount. On the other hand,
in 6 out of 10 sessions the person in Position 2 employed
more iconic gestures and in 5 out of 10 Sessions more pointing gestures compared to the other two participants. These
results confirm the hypothesis that the person in Position
2 employs less manipulative gestures, and more iconic and
pointing ones than the other two participants, as (s)he was
further away from the movable objects on the TUI.
Regarding the second research question about the frequency and types of gestures, we present an overall view
in Fig. 4 and then go into detail for each type of gestures.
In total there were 601 gestures performed of all types.
Figure 4 shows that the TUI-related gestures were more frequent than the other gestures followed by pointing, emblems,
iconic and adaptors. This was expected because during the
interaction with a TUI, many manipulative gestures, like tracing or rotating physical objects occur. Tracing alone did not
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a

Fig. 4 Distribution of all types of gestures

b

Fig. 5 Distribution of pointing gestures

Fig. 6 Distribution of iconic gestures (a) and emblems (b)

occur very often; it mostly occurred in the combination of
tracing-rotating or rotating-tracing. In addition, 181 pointing gestures represent a significant number of all gestures
(30.11 % of the total amount of gestures), which shows the
expressiveness of participants at such a collaborative problem solving simulation task. Emblems, iconic and adaptors
are more related with emotions, context-sensitive situations
and thus in this simulation task are not very frequent as they
would be in human-human interaction, for instance.
In the next figures more statistics are shown with regards
to the subcategories of each category. We begin with the
distribution of pointing gestures in Fig. 5.
As we see, pointing gestures to object(s) were by far more
than any other gestures, covering 61.3 % of the total amount
of pointing gestures, followed by pointing to the TUI, then
the combinations, collaborative pointing and other participant(s).
The distribution of iconic gestures and emblems is shown
in the figure below.
Figure 6 shows that the iconic encircling gestures (22) are
a significant number covering 78.57 % of the iconic gestures.
In these gestures one participant prompted another participant to rotate a physical object (resulting in a TUI-related
gesture), instead of doing that himself/herself. This can be
seen as a typical pattern for coordinating work between the
participants, a type of activity that is often identified in col-

laborative working situations (Fleck et al. [53]). Regarding
emblems (Fig. 6b), the most prevalent gesture with 19 gestures (54.2 %) was to raise the hand with the palm up, indicating uncertainty and wondering if what we are doing is right
or wrong. Seven gestures (20 %) with holding an open hand
toward a participant prompting him/her to stop interaction
followed.
As mentioned before, adaptors are gestures that are not
used intentionally during a communication or interaction;
thus they are difficult to recognize. In our case, the gestures are body-focused, i.e. scratching and touching (Fig. 7a).
Adaptors are often linked with negative feelings and particularly body-focused gestures are representations of uncertainty. As far as the TUI-related gestures are concerned, we
counted the rotating, tracing, and moving gestures and not the
placing ones. This is because the potential placing gestures
are limited, since the physical objects were only six and they
were placed initially on the table when the task started and
removed from the TUI once at the end of the task. Thus the
interaction with objects was constrained. Similarly, by moving gestures, we do not count the gestures where participants
removed the objects from the TUI back to the table’s frame
(again this amount of gestures is limited), but only when they
moved an object on the TUI (Fig. 7).
As far as research question three is concerned, namely,
whether the gesture of one participant results in gesture per-
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Last but not least, the research question four was about
whether people spoke during gesturing (pointing gestures
specifically). The results showed that in 142 cases (78.5 %),
gestures were supported by speech, while in 39 cases (21.5 %)
were not. We should point out again that speech transcription was not performed in the annotation at this stage. Some
examples of what users said during pointing were “I am not
sure but…”, “We have too much noise”, “just…”, showing
that not only full sentences were uttered, but also sentence
fragments or incomplete sentences.

5 Overall findings of the study

Fig. 7 Distribution of adaptors (a) and TUI-related gestures (b)

This explorative case study was a first step to investigate how
users interact with the system through gestures in order to
understand a complex simulation environment. We observed
what types of gestures participants performed, how the others
reacted, and how speech aligned with gestures. We categorized gestures, on a first level, into deictic/pointing, iconic,
emblems, adaptors, and TUI-related/manipulative gestures.
On a second level, we defined some subcategories based on
where and how the gestures were performed. The results
showed that 334 (55.60 %) TUI-related gestures were performed, followed by 181 (30.11 %) pointing gestures and
then by emblems (35–5.82 %), iconic (28–4.65 %), and adaptors (23–3.82 %).
Generally speaking, our case study can be described as a
collaborative, problem solving, andcognitive activity, and our
task was to examine the use of gesture in this activity. Some
findings of the study which are related to those characteristics
of the study are the following:

Fig. 8 Reaction of participants to pointing gestures

formed by other participants, the three possible options are:
(1) same participant reacts, (2) another participant reacts, (3)
nothing happens. The exact distribution can be found in Fig.
8 below.
The highest frequency was that nothing happened (85
gestures—46.9 %). Nothing means that the other participants
did not react quickly in any form of gesture and the interaction
continued without the gesture having an impact. In 58 cases
(32 %), another participant reacted in a specific manner:
i. 85.4 % resulted in a TUI-related gesture (mainly tracing
and rotating);
ii. 3.44 % was collaborative pointing;
iii. 7.73 % was another pointing gesture (meaning that the
person doing the first pointing gesture retracted when
another person started pointing);
iv. 3.44 % was emblems (holding open hand to prompt the
participant to stop interaction).
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i. gesturing prompting the other user to gesture is a pattern
for coordinating work in collaborative working situations;
ii. gesturing is often used instinctively helping the gesturer
to think and share their understanding;
iii. gesturing inproblem solving task on the TUI encourages
the use of rapid epistemic actions.
Regarding the first point, in the so-called iconic encircling
gestures, one participant prompted another participant to
rotate a physical object (resulting in a TUI-related gesture),
instead of doing that himself/herself. This is a typical pattern
for coordinating work between the participants, an activity
that is often identified in collaborative situations (Fleck et al.
[53]).
Although collaborative aspects are supported by the system, there were only very few collaborative pointing situations per se in the range of the whole gestures, i.e. users
rarely interacted simultaneously (1.65 %). From this we can
conclude that gestures are often used instinctively without
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prompting the other user, but just helping the gesturer to
think, share his/her thinking and thus create a shared meaning
to the other users (second point above); this social dimension
of thinking and learning is based on Stahl’s [54] viewpoint.
Despite the low amount of collaborative pointing, it can
be assumed that the use of gestures accelerated collaborative
work as it allowed avoiding unnecessary actions on the TUI.
For example, when a participant pointed to an object, the
other participant(s) decided immediately either to move the
object or not. Thus the process was accelerated. However,
this hypothesis has to be proved in a future comparative study
(see future work).
As for the third point, this conclusion is drawn by two
results of the study: (1) almost half of the gestures are not
TUI-related, hence, do not modify anything in the simulation,
and (2) in case of a gesture, the other participants reacted also
with gestures (85.4 % TUI-related gestures). The first point
shows that these gestures serve to lower cognitive load by
simplifying thinking processes (Esteves [15]) and the second that modifications on the parameters could be quickly
and easily done, and feedback was provided immediately.
This allowed the users to experiment on different possibilities and to work in a trial and error approach, which is typical
activity in epistemic actions. Generally speaking, the participants’ actions in our study confirm previous work that epistemic actions serve to make suggestions, demonstrate next
steps, and create a common and shared meaning for both the
gesturer and the other group members, facilitating the group
communication (Kirsh and Maglio [16]).
To conclude, the user study showed that the multimodal
TUI is a cognitive artifact which enhances the cognitive
capabilities of participants in achieving the necessary task,
because users, maintaining their physical mobility, were
thinking and communicating by using gestures while interacting with the system (Shaer and Hornecker [2]). Moreover, the study showed to have potential to measure higher
order thinking skills (HOTS), strategic decision making and
judgments (Schraw and Robinson [3]). Last but not least,
some aspects of social cognition could be shown through
the study. Social cognition, which has permeated all corners
of social psychology (see Fiske and Taylor [55]) examines,
among others, attitudes and group dynamics. Interacting with
shared artifacts can help maintain the group focus and facilitate awareness within the group because body positioning
and eye gaze of group members can be easily interpreted
by other group members (Suzuki and Kato [35]). The group
communication was facilitated and also a clear spatial relationship was provided through pointing to the physical object
(Bekker et al. [33]; Tang [34]).
Last but not least, based on results of related work (Horn
[7]) and the feedback of the user in our study, we assume
that this study would not have been so inviting and engaging
if it has been performed with a GUI, because participants
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would not collaborate as much as they did with the TUI and
they would not use the physical objects, which helped them
change the different parameters, like wind speed, number of
blades, etc. However, this hypothesis has to be tested in the
future through a comparative study with a GUI.

6 Future work
The descriptive statistics of our study provided a first insight
which gestures are most frequent (TUI and object-related
gestures) and hence provide hints which ones provides most
input for assessing complex problem solving and decision
making skills of the users. An additional study will be conducted soon to investigate whether similar gesture patterns
can be observed. The ‘mental effort required’ of the windmill simulation was rated as rather low by the users (Ras et
al. [38]). Therefore, a more complex environment on traffic simulation will be used where the relationship between
parameters is represented by a linear equation. If the gesture patterns are confirmed, a first set of hypotheses can be
defined that specific patterns support decision making and
complex problem solving. If these hypotheses can be verified,
the answers lead to a more generalizable model of interaction
in simulation environments for supporting the assessment of
collaborative complex problem solving skills.
We plan to carry out more studies in the future, including
participants coming from different countries and speaking
different languages. Gestures have cultural connotations in
different languages (Kita [56]). In Luxembourg, a multilingual and multicultural society, it is essential to be aware of
gestures existing in other languages and cultures, and accordingly develop TUIs that recognize other people’s gestures. In
addition to the parameter of the cultural connotations, personality features will be measured in order to investigate the
correlation between extraverts/introverts and gesture performance. Moreover, our evaluation will be based on questionnaires assessing users’ spatial abilities that can impact both
the use of the TUI and the gesturing behaviors. Their rightor left-handedness combined with the position of the objects
on the TUI will be considered in the annotation too.
Furthermore, a comparative study where participants will
be instructed not to use gestures, but only speech to decide
on a manipulative action is planned. Also, the amount of
participants can be a varying condition: dyad versus. triad.
Then the task performance could be evaluated, for instance,
whether the completion of the task has been slower or just
less natural and user-friendly.
Speech annotation is planned for the future videos analysis. Accordingly, speech-gesture alignment will be thoroughly examined, meaning the way that verbal and nonverbal behaviors convey, the form they take up in doing so, the
manner in which they are performed, their relative temporal
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arrangement, and their coordinated organization in phrasal
structure of the utterance.
As mentioned earlier, Klemmer et al. [31] stated that systems that constrain gestural abilities (e.g. having the hands
stuck on a keyboard/mouse) hinder the user’s thinking and
communication. Therefore, a comparison study between a
TUI and a classical GUI is currently planned to compare
the thinking, communication, as well as the overall assessment result of items solved. Both groups and individuals
will be assessed while they solve so-called linear equation
items in a simulation environment. These high-quality items
have been developed by psychometricians to assess complex
problem solving skills. Large data sets for the GUI variant
are already available. Since the number of access points is
higher compared to a keyboard/mouse setting, we expect that
users maintain their physical mobility (as stated by Shaer and
Hornecker [2]).
Last but not least, recognition of gestures by the TUI is
the next technical challenge which would provide immediate
results for cognitive assessment. Among others, the approach
of Kray and Strohbach [57] will be followed: weight sensors
on everyday items (such as coffee mugs) were used on a table,
and were associated to virtual controls of the UI by means
of 2D gestures; for example, when the user puts an object on
the table, (s)he increases the pressure.
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