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Abstract Pervasive computing environments have per-

meated current research and practice, unobtrusively aug-

menting existing environments with digital content. The

present work, following a pervasive computing approach,

proposes a framework to augment an educational envi-

ronment, being a typical classroom or any studying envi-

ronment. In this context, the work presented in this paper

investigates unobtrusive interaction and support of active

educational or studying activities through appropriate

context-sensitive information. To this end, passive visual

sensing is employed in order to unobtrusively perceive the

current context and users’ actions, thus providing novel

ways to implement natural interaction. The suitability of

the proposed interaction technologies and overall approach

has been demonstrated through three interactive applica-

tions integrated in the framework, each one supporting

different interaction techniques and addressing different

educational activities. Finally, a user experience evaluation

of the three test-bed applications has been carried out,

aiming to assess the applicability of the approach and the

suitability of each of the proposed technologies to the

educational tasks in hand.

1 Introduction

The concept of disappearing computers and technologies

that ‘‘weave themselves into the fabric of everyday life’’

[1] refers to extending human–computer interaction with

conventional objects in the physical world. Although pro-

gressive and visionary when proposed, it has now become a

common practice reality in many paradigms of human–

computer interaction [2]. An important asset of ubiquitous

computing environments is their invisibility, allowing users

to interact almost at a subconscious level. To this end,

ubiquitous computing environments are required to per-

vade the existing physical environment, carefully aug-

menting it with digital content, and support users’ natural

interaction with the environment.

Along the above lines, the work reported in this paper

engages the application domain of education, proposing a

framework that supports natural interaction with physical

artifacts related to education, such as books and pens. With

the aim to support several types of educational activities,

the proposed framework features three applications for

various contexts, ranging from a typical classroom school

desk to an augmented study desk and an educational sys-

tem addressing young learners. The purpose is not to

substitute typical education activities, but to augment them
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by offering computational support and access to context-

related content in the existing environment. In this respect,

the framework aims to combine the benefits of conven-

tional education processes employing paper-based learning

with those of e-learning and augmented reality [3–5].

In order to address the requirement of invisibility and

natural interaction, the framework employs computer

vision techniques and, more specifically, passive sensing

(vision) and non-instrumented input devices. Computer

vision is the preferred method for sensing the environment

in ubiquitous and interactive applications, because of its

unobtrusive nature and of the wide breadth of information

that can be visually retrieved through an ordinary sensor.

For instance, the framework supports context identification

by (1) perceiving which book has been placed on the desk

surface and deploying henceforth the appropriate educa-

tional material (e.g., English language, Mathematics,

Physics course, etc.) and (2) identifying the currently open

book page, thus presenting appropriate information for the

current classroom or studying activity (e.g., read aloud a

specific text passage, display a video for the current read-

ing activity, provide dictionary information for a word the

user is looking for, etc.).

The ability to detect point and contact events on the

surface of the desk or the book itself increases the inter-

action options that can be offered and provides input to the

educational applications. Computer vision can be

employed to provide touch sensitivity upon virtually any

surface unobtrusively, without the use of embedded sensors

or markers. In this way, natural interaction is supported by

tracking objects in the workspace (e.g., pens, cards, or user

fingertips).

By embedding computing in real environments, the

physical and the digital worlds, which have been disjoint

until now, are brought together. Such fusion enables

sensing and control of one world by the other [6]. How-

ever, computing infrastructures should not intrude in the

environment, either in terms of the physical space or in

terms of the activities being performed. The framework

discussed in this paper can be integrated in a variety of

computing infrastructures, so as to ensure that the appro-

priate equipment is employed according to each context of

use. For instance, framework applications that address

typical classroom environments can be embedded in aug-

mented school desks [7], while applications aiming at

supporting typical studying activities can be deployed on

any desk using ceiling-mounted projectors. Three different

audiovisual displays have been employed in this work: a

conventional 3200 computer display, a custom wide-screen

display integrated in a school desk, and a large projection

display.

This work prioritizes vision over speech recognition to

unobtrusively obtain user input. The reason is the need to

passively acquire information from the environment with-

out overloading the user with uttering commands. In

addition, interaction through natural language can be dif-

ficult when generalizing to multiple languages or dealing

with students of young age. The use of natural language as

a means of interaction in education is beyond the scope of

this work, though is nevertheless acknowledged as valuable

and left for future work.

The remaining of this paper is structured as follows.

Section 2 reviews related work in the domains of aug-

mented reality in education, augmentation of printed mat-

ter, interaction with printed matter, as well as pervasive and

interactive displays. The proposed approach is introduced

in Sect. 3, providing an overview of the developed com-

putational framework and architecture and presenting the

input sources of visual information. In Sect. 4, the visual

techniques adopted for understanding the environment and

detecting user actions are described. Section 5 describes

three applications that instantiate the proposed approach

through different means of interaction and are based on the

proposed framework. In Sect. 6, a comparative user expe-

rience evaluation of these applications is discussed toward

assessing key framework elements and the suitability of

different interaction paradigms for different tasks in the

educational context. Finally, Sect. 7 summarizes the paper

and discusses directions for future work.

2 Related work

This section reviews related work in domains directly rel-

evant to the work reported, namely augmented reality in

education, augmentation of printed matter, interaction with

printed matter, as well as pervasive and interactive

displays.

2.1 Augmented reality in education

The augmentation of educational processes with technol-

ogy has become a prominent research area during the last

decades. For example, Cooperstock’s classroom of the

future [8] and later approaches [9] envision technology

integration into school classrooms, anticipating the poten-

tial benefits that may arise for the current educational

system. Augmented reality constitutes a basic medium for

applying such approaches. Augmented reality learning

applications and systems are mainly used for augmenting

physical objects with virtual objects and providing proper

information related to an educational context of use (e.g.,

[10–12]). However, one major issue that had to be over-

come in order for initial approaches to find application in

real educational environments was the need for expensive

and inconvenient head-mounted devices (HMDs).
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The evolution of technological equipment has driven

augmented reality (AR) approaches to a direction toward

real environments. Currently, the most prominent AR

approaches in education are those based on handheld

devices as basic means of interaction, providing informa-

tion related to real objects or sceneries captured by an

integrated camera and presented on the handheld device’s

display. Some indicative applications following this

approach are [13–15]. A more challenging perspective of

augmented reality in education includes approaches aiming

to provide technological augmentation based only on users’

interaction with physical learning assets (books, pens and

pencils, etc.). The following sections discuss such

approaches raising aspects related to natural interaction,

applicability, and educational process and how the pro-

posed framework addresses them.

2.2 Augmentation of printed matter

Since the early 1990s, the idea of digitally augmenting

reading and writing, two of the most important everyday

life activities, was intriguing enough to trigger the first

research efforts in this direction. Wellner’s pioneering

concept of an interaction continuum between physical

documents and their electronic counterparts and the pro-

posed DigitalDesk [16] constitute a prominent milestone of

research in this area. Its successor EnhancedDesk [17] built

further on the notion of integrating physical and digital

documents and aimed at the enhancement of printed

information with multimedia in a natural and unobtrusive

manner. These works have shown that visually sensing the

worlds is an efficient and unobtrusive manner to recognize

the documents, which occupy a user’s workspace. Still, in

EnhancedDesk, the documents have to be physically pre-

pared by bearing a 2D matrix code for recognition. On the

other hand, DigitalDesk employs text detection and Optical

Character Recognition (OCR) to retrieve text and recog-

nize documents, but also inherits the limitations of OCR,

while at the same time it is not suitable for illustrated

content, which is typical in educational material. The work

reported in this paper uses an alternative approach for

printed matter recognition based on a vision process, which

tries to match printed papers, placed upon a surface, with

their digital images from a closed predefined set. The

aforementioned approach provides robust and accurate

results even for printed material that contains little or no

text.

More sophisticated AR solutions have been subse-

quently proposed, capitalizing on more recent technolo-

gies, such as high-quality 3D graphics. For example,

MagicBook [18] offers augmentation of physical books

with avatars through VR glasses, implementing a lively

storytelling approach. However, such approaches require

special editions of educational printed material, which

should contain visible markers (e.g., QR codes) in order to

recognize pages. On the other hand, the framework pro-

posed in this paper can seamlessly be integrated in any

educational environment without requiring modifications

of educational assets that are already in use.

2.3 Interacting with printed matter: pointing

and touching

Immersive environments provide new avenues in educa-

tional research and highlight the value of haptic interaction.

Pointing and touching in educational environments, whe-

ther natural or augmented, offer a natural means of user

interaction. In the context of interacting with printed pages,

several interaction devices have been employed.

Digital pens capable of recognizing marks on paper

documents facilitated the development of systems sup-

porting annotations on paper. The Anoto system [19]

combines a unique pattern printed on each page with a

special digital pen to capture strokes made on paper.

Similarly, PapierCraft [20] proposed a system recognizing

a vocabulary of pen gestures. Furthermore, the Paper??

system [21], besides employing a special electronic pen,

requires the use of special paper overprinted with an

imperceptible pattern that encodes the page id and location.

As in the case of VR, touch-based interaction has been

dependent on additional specialized hardware, which often

hinders the application of the approach in practice. Pro-

prietary technological artifacts such as light pens, pen with

pads, and haptic devices [10, 22] require the installation of

sensors or the deployment of particular devices.

Toward alleviating such technical difficulties, some

approaches promoted visual sensing but still required the

configuration of the environment. Live Book [23] offers

natural interaction through the users’ fingers, which are

recognized using an IR camera and active illumination;

still, interaction is limited only to the open page of the

augmented book. The ‘‘Mixed Reality Book’’ [24] is

another example of augmented book content, page recog-

nition, and interaction via pen, but is also based on markers

printed on each page. Intelligent Paper [25] augments

foldable prints such as newspapers, maps, and pocket

books employing a custom pen device.

All the aforementioned approaches demand special

technological means for physical paper augmentation and

interaction. On the other hand, the work described here

follows an unobtrusive approach for educational environ-

ments’ augmentation, avoiding the need for technological

components that have not been used in these environments

till today.

An alternative means of interaction within the context of

paper augmentation is through physical cards. Card-based
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interaction, which has mainly been explored in the context

of educational games, has been claimed to captivate the

learners’ interest and reinforce motivation [26, 27]. The

‘‘Educational tabletop mini games’’ [28] are played with

physical cards, which are visually recognized as part of an

Ambient Intelligence classroom [29, 30]. In this work,

physical cards are visually recognized, but, also, their

spatial arrangement as produced by the learner becomes a

means of user interaction.

Recognizing the importance of both physical books and

electronic material in the educational process, this paper

focuses on physical paper augmentation in the context of

current learning practices, such as reading and writing. To

provide unobtrusive access to the provided services, spe-

cific emphasis is put on natural interaction with the system,

adopting touch-based interaction with interactive applica-

tions, stylus-based interaction for handwriting tasks, turn-

ing book pages and pointing through fingers at interesting

page parts (text passages, images, etc.), and card-based

interaction for educational games.

2.4 Pervasive and interactive displays

A number of touch-based interactive surfaces exist both as

research prototypes [31–36] and as commercial products

[37–39]. Most of these systems use a static planar surface

as an interaction surface, because it can also be used as a

desk.

The first approaches toward augmented interactive sur-

faces [40, 41] concerned the projection of visual content on

convenient surfaces in the environment, such as the walls

or the floor of a room. Selecting the surfaces a priori, a

projector was steered to display upon the surface of choice.

Images were pre-warped according to the orientation of the

surface, so as to appear undistorted after projection. Using

a more detailed 3D model of the whole scene, projections

can appear undistorted at virtually any geometry of sur-

faces [42]. This way of pervasively augmenting informa-

tion is still useful, along with conventional displays, as a

means of creating pervasive and ergonomic displays for

study.

The counterpart of an interactive display is user input.

Earlier approaches used electronic devices to provide input,

such as the electronic stylus and touch pad [43]. More

pervasive approaches such as the aforementioned perceive

coarse hand gestures and track an instrumented artifact, a

stylus with an infrared beacon, to decrease obtrusion and

increase the workspace size [40, 41]. The recent growth of

depth cameras enabled better tracking of hand posture and

facilitated tangible interaction upon arbitrary surfaces [44].

Still, pointing devices can be particularly convenient in

some tasks, particularly if implemented by an ordinary pen

that maintains its common use. The evaluation reported in

this paper aims at a comparison of such approaches with

respect to a range of educational tasks.

Some approaches in the literature support dynamically

moving interaction surfaces that can be manipulated by the

user. In such cases, the location and pose of the surface

itself can avail valuable information to the user interface.

In [45], a coarse estimate of the inclination of a handheld

surface (a piece of cardboard) provides input to an inter-

active game. In [46, 47], a similar surface is used to explore

maps. In [48], a 2 DOF rotating disk is used as an aug-

mented interactive display whose position can be manip-

ulated. Accurate pose estimation as the user manipulates

the interactive surface is essential in all the above cases in

order to properly project text and images upon it.

In the desktop context studied in this paper, the aug-

mentation of the study surface is proposed as a means of

displaying additional information. Therefore, it is of

interest to align the projection with an article of printed

matter (i.e., a book or a leaflet), and thereby, the estimation

of the book pose is of relevance to how information is

displayed. Markers have been utilized in the past to detect

the pose of visual documents [18]. The proposed approach

is less obtrusive, as it uses the visual content of the docu-

ment itself to estimate its pose.

3 Enhancing the educational process

The main goal of the proposed educational framework is to

enhance the educational process, augmenting physical

educational assets (i.e., printed matter) with technological

features, in an unobtrusive and user-friendly manner. To

this end, the proposed system facilitates education by

augmenting basic learning approaches such as reading and

writing, independently of the context and the environment

that is used for learning. It is of paramount importance that

the method integrates seamlessly in the conventional

everyday processes of learning, e.g., the classroom

resources, and studying material. In this respect, the pro-

posed system can be directly tested and, potentially,

adopted in contemporary educational systems without

requiring radical changes for its application in school or

home study.

In order to achieve this goal, such a system should

address the following prerequisites:

(a) It should integrate mainstream equipment that can be

easily acquired by educational institutions and

students.

(b) It should be easily adopted in the current educational

system and support today’s and future curricula.

(c) It should be able to provide seamless interaction with

any educational asset (e.g., books, pencils, pens)
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adopting currently used learning practices (reading,

writing, touching), avoiding the enforcement of

extraneous technological devices such as computer

mouse, haptic devices, or proprietary stylus.

The proposed system has been designed as an Ambient

Intelligence system that can be used for transforming any

conventional learning environment into a smart environment.

According to Cook et al. [49], any smart environment can be

adequately decomposed in four fundamental layers: physical,

communication, information, and decision. Each layer per-

forms a different role in the environment, facilitating diverse

operations and addressing specific requirements.

As illustrated in Fig. 1, the system’s overall architecture

comprises the four fundamental logical components of an

Ambient Intelligence system. The physical component

consists of vision processes that receive video feeds of

various types (high/low resolution, conventional or depth

images). Vision components recognize and track physical

objects (e.g., book pages, pens, hands, or fingertips) in order

to provide interaction data. The complexity of using the

vision-based systems (or sensors-based systems in general)

is counterbalanced by the adoption of the ‘‘ICS FORTH

Middleware,’’1 which provides the necessary functionality

for the intercommunication and interoperability of hetero-

geneous services hosted in the environment. Furthermore, a

decision component has been developed providing educa-

tional book modeling and facilitating the necessary context-

sensitive information provision to educational applications

that integrate the proposed framework.

Computer vision is a passive method that requires

minimal intervention to observe the environment and, thus,

facilitates the seamless integration of such approaches in

the classroom or at home. The case addressed in this work

is the interaction of a user with physical documents,

whether a book or an illustrated card, on a desktop envi-

ronment. Actors in this environment are the hands of the

user and, potentially, a pointing device. The particular card

or page that is currently open provides context information

about what is the current topic of study or its conclusion,

when the book is placed aside. In Fig. 2, the information

flow produced by the computer vision processes is shown.

These processes detect and recognize meaningful events

occurring in the environment and track the 3D locations of

the objects that participate in them. They can be classified

according to the following two categories of provided

information

• Recognized pieces of content such as which book page

is open or which card was presented provide contextual

information regarding the exact book page currently

studied. The recognition needs not to be rapid but needs

to be robust, because the page may be occluded by

hands.

• Accurate estimation of the pose of a pointing device, or

the finger itself, can be used to indicate a particular

figure, sentence, or word in that page. Real-time

estimation enables the use of natural pointing gestures

in system interaction. This more time-dependent infor-

mation is provided by tracking modules.

Having a modular way to provide this information

allows the dynamic composition of a system’s ‘‘perceptual

abilities,’’ thus allowing to investigate the efficacy of

Fig. 1 Framework architecture

1 FAMINE (FORTH’s AMI Network Environment), has been

implemented in the context of the ICS—FORTH’s internal RTD

Programme ‘Ambient Intelligence and Smart Environments’.
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alternative approaches, such as using a pencil or fingertip

as a pointing device. Toward this end, three systems that

investigate alternative interaction paradigms were

designed, implemented, and evaluated, offering valuable

insight regarding the technical difficulties, but also

regarding the acceptance (intuitiveness) and suitability of

different interaction technologies and presentation

approaches, i.e., suitability of projecting versus showing on

screen for each application. To this end, with the goal of

assessing the usability and unobtrusiveness of the three

systems in relation to the interaction techniques employed

and their suitability for the educational process, a usability

evaluation was planned and conducted.

4 Understanding the environment

The perceptual modules of a system aim to find infor-

mation in the environment that are useful to the educa-

tional application. In the current context, the recognition

of pages (or illustrated cards, as a robust contextual cue)

has been selected as most relevant. Besides recognition,

the locations of documents on a desk can be used to

augment the environment and find which piece of a page

was pointed at or underlined, either using a fingertip or

using a pen. Finally, the recognition of the book content,

through book modeling and context-sensitive assistance,

provides the contextual information to the educational

applications.

4.1 Printed matter recognition, localization,

and tracking

A key vision functionality concerns the detection of the

presence of a book in the workspace, its location, as well as

the recognition of the currently open page. The approach

adopted assumes that the book is already known to the

system and its electronic representation is provided.2

Geometric information regards the 2D pose of the book

upon the desk, that is, its 2D location and 2D orientation.

Context information concerns the id of the two book pages

that are typically open.

4.1.1 Page recognition

In order to recognize book pages that are open on the

physical desktop, the module accesses the electronic rep-

resentation of the book. In a nutshell, the module searches

the electronic book pages and compares them with the live

image acquired from the camera of the system, to find out

whether any such page appears in this image. In the elec-

tronic representation, each page has been previously

imaged in a planar arrangement (either scanned or syn-

thetically generated, i.e., as a PDF document). A feature-

based representation is maintained for each page, obtained

by detecting SIFT keypoint features [50] in the image of

Fig. 2 Information flow for

computer vision processes

2 For school books this is a reasonable requirement, as most are

available electronically.
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each page. The detected keypoints are associated with the

electronic page where they were detected. In other words,

only the features of each page are maintained in the elec-

tronic representation.

At run-time, the SIFT keypoint features are detected in

the live image acquired from the system camera. These

features are matched with the ones in the electronic rep-

resentation of the book, on a per page basis; matching

features are found using the conventional method described

in [50]. For each candidate page, a ‘‘hit ratio’’ is computed

as the fraction of the number of the matched features over

the number of the total page features. The page that pro-

vides the highest hit ratio is considered as the matching

page. To optimize the search, consecutive and preceding

pages to the current one are considered first, and if they

provide a very high ratio, they are immediately considered

as matching. As keypoints are local features, page recog-

nition is robust to occlusions because the entire set of page

features is not required to be matched to achieve recogni-

tion (see Fig. 3). The proposed recognition approach can

recognize pages that undergo (approximately) as much as

50 % occlusion [51]. Still, if a page is more severely or

even entirely occluded, it can be implicitly recognized if its

side page is successfully recognized. The recognition

approach is presented in further details in [51].

4.1.2 Page localization

The estimation of book location and orientation utilizes the

synthetically created helper image W. When an image is

acquired from the system, it is initially warped to the plane

of the desk, providing image W. This is achieved by esti-

mating the pose of the camera with respect to the plane of

the physical desktop through conventional camera cali-

bration, during system installation. Thereby, image W is an

orthocanonical representation of the current desktop

appearance, where distances are in direct analogy to the

physical distances on the plane of the desktop. As W is

orthocanonical with respect to the coordinate frame of the

desk, the estimations of book location and orientation can

be directly mapped to the physical spatial desktop.

The spatial arrangement of keypoints provides a basis

for the localization of the book on the desk. The matches

obtained for the current page establish point correspon-

dences between the electronic page and the page as dis-

played in W. Using these correspondences and

approximating the 3D shape of a page with a planar patch,

the homography that maps an imaged page to the electronic

one is estimated through a RANSAC procedure. This

procedure also outputs the subset of confidently correct

correspondences, which are called inliers. Using the esti-

mated 3 9 3 homography matrix and the (known) book

dimensions, the corners of each scanned page are predicted

in the 3D world and the acquired image. The locations of

these four predicted corners mark the spatial extent of the

book pages in W. Procrustes analysis is then employed [52]

upon the confident (inlying) correspondences to estimate

the 2D orientation of the book in W and, equivalently, on

the desktop too. The process is performed for each page

that is visible on the desktop (typically 2), as each page

may have a different orientation in the 3D world (see

Fig. 3). Approximating each book page with a plane was

found to be sufficient. This is due to the robustness of the

RANSAC procedure which, in essence, returns the plane

that best fits the planar portion of the page, which is also

the part of the page available to the user for interaction.

The module is implemented through parallel program-

ming and executed on the GPU of the computer. The fre-

quency of operation is approximately 7 Hz on a

conventional computer and GPU. At each frame that a book

Fig. 3 Recognition and localization of book pages. On the left, an

image acquired from the system camera is shown. On the right, the

matched pages in the electronic representation are shown. The left

image is annotated with the estimated spatial extent of each page

(green, blue) and the estimated book orientation (cyan). The outcome

maps physical points of the surface of the particular page to

coordinates in its electronic representation
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is found, the module outputs an event with the ids of the two

(or one, i.e., if the cover is matched) recognized pages along

with the coordinates of each page in the desk’s coordinate

system. The coordinates are henceforth utilized to support

tangible interaction with the book. An error is produced in

the rare case that two non-consecutive pages are recognized

(typically, this occurs when illumination is poor). Finally,

locations and orientations are tracked through Kalman fil-

tering [53] to cope with transient recognition failures.

4.2 Physical stylus-based interaction

A module visually estimates the 3D poses and the end-

points of a thin cylindrical physical object, such as a stylus,

which is manipulated by the user [see Fig. 4 (left)]. The

stylus may be of unknown size and may be occluded totally

or partially. Most importantly, the stylus needs not to bear

any electronic device or even markers, but only be of a

known color. The response of the method is real time

independently of the used hardware.

The method utilizes multiple synchronous calibrated

images of the object to increase accuracy and deal with

occlusions. In each view, it is segmented and modeled as a

line segment that approximates the projection of its major

axis on the image plane. When segmentation is successful

in 2 views, the object’s size and pose can be estimated. If

more views are available, they are combined to increase

accuracy.

In Fig. 4 (right), the case of two views imaging the

stylus is illustrated. Each camera i is located at Ki and has a

projection matrix Pi. The image from each camera is

compensated for lens distortion directly after its acquisi-

tion, forming image Ii. The output is the 3D line segment,

represented by its endpoints e1,2. The method has the fol-

lowing steps:

1. Segmentation. Each image Ii is binarized into image Mi

to extract the wand. Segmentation may contain errors,

such as spurious blobs, while the wand may not be

fully visible due to occlusions. Using a wand of

characteristic color, selected to be scarcely encoun-

tered in the scene, Mi is obtained as follows. A color

similarity metric [54], robust to variations of illumi-

nation conditions, yields a similarity score per pixel.

Each result is thresholded to generate binary image Mi

(Fig. 5, middle).

2. 2D modeling. The wand is sought in each Mi, using the

Hough transform (HT) [55], which yields 2D line li.

Due to perspective projection, the stylus does not

exhibit constant thickness in Ii. A thinning process

estimates the width of the stylus in the image and,

based on its value, finds the medial axis of the wand,

which, in turn, is provided as input to the HT. Finally,

a line segment grouping process upon li determines the

endpoints of the wand in Ii (Fig. 5, right).

3. 3D pose estimation. The 3D line L where the segment

lies is estimated as the 3D line that minimizes its re-

Fig. 4 Left Using a stylus to

point on locations, circle words,

and underline sentences, on the

surface of a book. The system

employs three cameras that

overlook the user workspace.

Right Illustration of the

method’s geometry for

estimating the location and

orientation of the stylus from a

pair of cameras (see text)

Fig. 5 Segmentation and 2D modeling of the stylus in a color image (see text). Original image Ii (left), Mi (middle), and Mi with li and si

superimposed (right); the red line is li and the blue segment is si
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projection error to the detected line segments in the

acquired images; the SVD-based minimization is

described in [56]. Endpoint estimates are obtained by

triangulation of their 2D observations. In this process,

outlier elimination is crucial as, due to occlusions and

segmentation errors, the object may not be fully visible

in all views.

4. Motion estimation and tracking of the stylus improve

the accuracy of pose estimation and increase robust-

ness by correcting transient errors, i.e., when the stylus

is lost or pose estimation is inaccurate for a few

frames. The trajectory of the wand is tracked over time

by conventional application of a Kalman filter.

The method supports real-time interaction by massively

parallelizing the required computation and implementing

most of it in the GPU of the computer and, in a conven-

tional setup, provides less than 1 cm of error in the esti-

mation of pointing or contact location. More details on the

implementation of the method and its evaluation can be

found in [56].

4.3 Tangible interaction with paper and desktop

surfaces

This vision module detects and localizes the physical

points on a desktop surface or a book that are in contact

with the fingertips of the user. Two approaches are pro-

posed, the first concerning fingertip touch detection and

localization on the planar surface of the desktop, and the

second concerning the curved surface of a book.

4.3.1 Desktop surface

Touch detection on the desktop surface is performed as

follows. As mentioned in Sect. 4.1, the pose of the camera

relative to the desktop surface is a priori estimated through

calibration. Let E be the equation that represents this plane

and D the depth image acquired by the RGBD sensor. The

pixels in D are transformed into 3D points. For each of

these points, its distance to plane E is computed. As in [57],

two thresholds are used to detect contact. The first (dmax)

indicates if a pixel is closer to the camera than the disk

surface. However, only this constraint will include points

belonging to the user’s arm as well. The second threshold

(dmin) eliminates points that are overly far from the surface

to be considered part of object in contact.

The aforementioned double thresholding supports gath-

ering 3D points within a specific distance range from the

desktop surface. To accurately estimate touch events, dmax

should be as small as possible. On the other hand, due to

sensor noise, when the value of dmax is very small (i.e.,

&1 cm), spurious touch points are detected. This noise is

tackled in a two stage process. At a first stage, dmax is set

at a desired precision (&0.5 cm) and an appropriate value

on dmin (i.e., 10 cm) is used to ensure that the detected

points correspond to the hand of the user. Then, a 3D

connected component labeling on these points is per-

formed, keeping only the largest components under the

assumption that they correspond to user’s hand(s) and not

noise. Points grouped to small components are considered

noise and removed. At a second stage, the threshold is

doubled again, but using a stricter value on dmin (i.e.,

3 cm). The remaining points belong to parts of the user’s

fingers near fingertips. The 3D connected component

labeling is performed once more to group these points into

connected components (see Fig. 6).

Besides the fingertip area which is in contact with the

desktop, a single point of contact is also estimated. This

point is estimated as the projection of the centroid of the

connected component on the desktop plane. To facilitate

application development, the module transforms real-world

coordinates to those of a ‘‘computer display.’’ In accor-

dance, contact events are re-presented similarly to the

indication events of a pointing device (i.e., ‘click’ for the

mouse).

Fig. 6 Detecting 3D points of a user hand above a planar surface.

Left to right a the first stage yields points within the range of

dmax = 0.5 cm and dmin = 10 cm, projected on the corresponding

sensor’s image with red color. Spurious points are present due to the

small value of the dmax threshold. b If the value of dmax (i.e., to

1 cm) raises, the detection of critical points near the fingertip would

fail. c To suppress noise but also retain these critical points, the

largest connected component in the result of the first stage is found.

d In the second stage, points belonging to the largest component are

thresholded again to a finer range (dmax = 0.5 cm, dmin = 3 cm)

now providing points at the fingertip; the green circle shows the point

of contact
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4.3.2 Book page surface

A different approach is followed to perform touch detec-

tion on the book surface, as it is typically curved. Using the

estimates of book location and orientation, the boundaries

of the book are predicted. The corresponding portion of the

depth map is then extracted and transformed to an ortho-

canonical view with respect to the book’s coordinate frame.

The book locations estimated in camera coordinates are

transformed into the desk’s coordinate frame. Using this

information, a height map of the book’s surface is gener-

ated. Each pixel of this map shows the distance of the

corresponding book surface location from the workspace

surface. When the user points at a location on the book, the

hand creates an increment in the height map. The contact

point is detected by finding the location where this incre-

ment starts to occur, that is, where a discontinuity in the,

otherwise smooth, book surface is detected. This location is

found by scanning the columns of the height map itera-

tively, looking for the topmost height discontinuity. In

iteration i, the median height for the topmost ki pixels of

each scanline is computed. For each scanline, the height at

the ki-th pixel from the top is compared with the median

value for this scanline. If a deviation larger than threshold

qL (10 mm) from the median is observed, a contact point is

assumed to be found. In order, though, not to spuriously

detect as in contact a finger that hovers above the page, this

deviation is required to be less than qH (17 mm). If no

contact is found, ki is increased by 1 and the method pro-

ceeds to the next iteration. The contact point is tracked

through Kalman filtering to reduce jitter and recover from

tracking failures. The process is illustrated in Fig. 7.

4.4 Book modeling for context-sensitive assistance

The applications presented in this paper use a recognition

library that contains all the pages of the books used in the

evaluation described in Sect. 6 in digital form (Portable

Digital Format—PDF). The recognition library has been

enriched with educational meta-data for each stored page.

In order to decide the information that the system will

provide to an application after a user’s specific interaction

with the environment (touch a page area, write something,

etc.), every page of the printed matter used is classified

according to the educational asset it provides (e.g., reading

text, image, comprehension exercise, etc.), defining in this

way the interaction and content assistance needs of the

user. For example, when a user tries to accomplish a

multiple choice exercise, each application is fed, in real

time by the system, with hints and explanations about the

specific section of the exercise which is in the user’s cur-

rent attention area.

Fig. 7 Contact detection on the surface of a book. Top left estimation

of the book boundaries in camera image. Top right The portion of the

depth map used to generate the height map. Bottom left the generated

height map, displaying a top view of the book. Dark pixels are closer

to the workspace surface than lighter ones. Purple line indicates the

scanline used to generate the bottom right image. Bottom right

schematic overview of the contact detection method, from a side

view. The purple curve corresponds to the purple scanline from the

bottom-left image and represents distance from the workspace

surface. The green curve corresponds to the median of the scanline.

As the scan progresses from left to right, more samples from the

scanline are included in the median computation
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The classification of printed matter is contained in an

XML description stored in a recognition library, in which

the interactive area (hot spots) and their types are defined.

Figure 8 (left) depicts the meta-data file of a school book

page (Fig. 8 right) that contains a free text field of a fill-

the-gap exercise. As it can be observed, every page in the

recognition library is referenced by a unique id and is

accompanied by its digital image path. This image can be

displayed on any interactive screen near the physical paper

or directly on it, using a video projector, enabling the user

to interact with the hot spots of the digital form of the page.

Furthermore, every page can contain a number of interac-

tive hot spots denoting its interesting areas. Every hot spot

of a page is declared by four coordination points (nor-

malized in order to be independent of the page size), rep-

resenting the four corners of the hot spot’s bounding

rectangle and the educational asset type that this hot spot

denotes.

Each asset type is assigned to a number of accepted

gestures (e.g., circle, underline, etc.) and/or writing text. In

particular, the assigned writing text to a hot spot can be

either a closed set of words or any word that is contained in

a vocabulary that may be used (e.g., Open Office Dictio-

naries3), according to the asset type.

Anytime a page hot spot is engaged by the user’s

handwriting, the content-sensitive assistance module eval-

uates that input and, according to the type of educational

asset that is represented, selects the appropriate information

related to this asset for the specific users’ input and prop-

agates it to the corresponding educational application.

In order to provide context-sensitive information, the

book model component interoperates with ClassMATE [9].

Through the ClassMATE framework, functionalities such

as user-profiling, content-classification, content-discovery,

and filtering are available.

5 Integrated systems

This section discusses three example AR systems that have

been implemented in order to demonstrate the proposed

framework and provide real-world test beds for evaluation.

5.1 SESIL

SESIL [51] is an educational system that incorporates the

proposed framework in order to provide stylus-based

interaction in different spatial arrangements, such as large

interactive surfaces featuring a display with multi-touch

capabilities (i.e., for use in a library or at an exposition)

provided that the cameras, needed for pages and stylus

recognition and tracking, are positioned appropriately.

SESIL aims at enhancing reading and writing activities

on physical books through unobtrusive monitoring of

users’ gestures and handwriting and the display of infor-

mation related to the current users’ focus of attention.

Additionally, SESIL exploits educational meta-data on the

book’s content to decide at run-time the type of additional

information and support to be provided in a context-

dependent fashion.

In more detail, the SESIL system consists of a desk that

is being overlooked by a set of three high-resolution

cameras placed above it. A nearby large display runs an

Fig. 8 Book page meta-data

information

3 http://wiki.services.openoffice.org/wiki/Dictionaries.
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educational application that provides content-sensitive

information to the users, based on their stylus-based

interaction with a school book.

Figure 9 depicts the components chain of SESIL,

designed to facilitate information flow in real time, so that

system interactivity is served. In more detail, the images

acquired by one of the three cameras are processed for

localizing the book on the table and recognizing the par-

ticular page that the book is open at. In parallel, the other

two cameras are used for the 3D orientation and location

estimation of a stylus, while contact information between

the stylus and the book or the desk is also captured. When a

user interacts with a specific area of the open pages of the

book, SESIL provides context-sensitive assistance to the

application running on the nearby display.

Stylus input is additionally used to recognize ges-

tures and handwriting. This module takes as input the

pose of the stylus and identifies whether the user is

performing a gesture or is writing text. The recogniz-

able gestures are strongly correlated with the natural

reading process (e.g., underline text, circle a word,

etc.), ensuring that standard studying habits and prac-

tices are supported. The recognized words or gestures,

along with their position on the book’s page and their

size, are provided to the book modeling and context-

sensitive assistance component.

The gestures that are recognized and used by SESIL are:

• Basic geometry (e.g., draw specific geometrical shapes)

• Multiple choice (e.g., square, circle, or tick the correct

answer among a number of available choices)

• Fill-in the gap with multiple choice answers (e.g., circle

the correct answer to be filled-in a sentence)

• Word search (e.g., identify words in a matrix of letters,

given a list of their definitions, by striking through the

word’s letters)

In addition, SESIL recognizes and isolates gestures,

throughout the students’ handwriting process, in order to be

able to identify specific triggers, such as the deletion of a

word that a student has written (identifying the Scratch Out

gesture) or the accomplishment of a sentence (identifying

the Tap gesture), which means that a student has finished

providing input and the system can therefore further pro-

cess it.

In the context of the evaluation conducted, SESIL was

installed and integrated in the augmented school desk

described in [7], taking advantage of the desk’s existing

infrastructure and augmenting it with the additional cam-

eras required by SESIL in order to recognize pen gestures

and handwriting.

5.2 AR study desk

The AR studying desk is a newer version of the interactive

desk described in [58], aiming to augment physical books

with digital information. Figure 10 illustrates the AR study

desk’s components chain.

The AR study desk consists of a standard definition

projector and an ASUS Xtion Pro, both overlooking the

surface of a desk. The images acquired by the color camera

of the Xtion are used for printed matter recognition and its

localization on the desk surface, while the images acquired

by the Xtion’s depth camera are used for detecting users’

finger touch on the printed matter or the desk.

The AR studying desk provides context-aware multi-

media and interactive applications related to the content of

the open book page. Such content is dynamically displayed

to enrich the contents of the book page currently open and is

aligned, in real time, with its 2D orientation upon the desk.

Technically, augmentation is supported by the projector-

camera calibration. Given the coordinates of the book or the

stylus in the desk coordinate frame, this calibration is used

to predict the coordinates of the projector pixel that will

illuminate the corresponding region or point of interest.

The content-sensitive digital content provided can be

classified as follows (asset types):

• Images, optionally followed by informative text

• Videos that have been stored in the system

• Images and videos from online Web sites (e.g., Google4

and YouTube5) that are being collected at run-time

according to the user’s interaction

Fig. 9 SESIL components chain

4 http://images.google.com.
5 http://www.youtube.com.
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In more detail, every printed page that is included in

the system’s library has been stored in digital form

(PDF) and annotated with ‘‘hot-spot areas’’ that play a

role in user–page interaction. This annotation takes

place using the book modeling and content-sensitive

assistance component. When a page hot spot is engaged

by the user’s interaction, the system evaluates that input

and, according to the type of the asset that is repre-

sented, selects the appropriate supportive applications

and displays them on or near the active book’s page.

For example, in Fig. 11 (left), the user has clicked on a

hot spot and an image slideshow related to it is rendered

juxtaposed to the open page. If the user rotates and

moves the book on the desk, the rendered application

follows it maintaining its alignment with the book

(Fig. 11 right). However, users can move applications

rendered on the desk to a more convenient location by

dragging them with their finger.

The rendered images can be controlled using a small set

of gestures. For example, if a user wants to see the next

image, he/she can slide his/her finger from left to right on

the table, while if he/she wants to see the previous image,

he/she would slide his/her finger to the opposite direction.

Furthermore, the system presented provides a note-tak-

ing facility, by writing on a free area of the table using a

soft keyboard displayed next to it. The user is also able to

associate notes with parts of the open page by circling

them. Furthermore, he/she is able to email or post the notes

to his/her Facebook and Twitter account.

5.3 The book of Ellie

The ‘‘Book of Ellie’’ [59] is the augmented version of a

classic schoolbook for teaching the Greek alphabet to pri-

mary school children. The book introduces alphabet letters

and their combinations by increasing the difficulty level.

For each letter or letter combination, relevant images and

text involving the specific letter(s) are provided. The short

stories for each letter are structured around dialogues and

activities of a typical Greek family, with the protagonist

being Ellie, one of the four children. In the augmented

version of the book, Ellie has become an animated char-

acter, constantly available to assist the young learner by

reading phrases from the book, asking questions or pro-

viding advice.

In terms of setup, the system consists of a television

screen (3200) for visual and audio output, an ‘‘Asus Xtion

Pro’’ RGBD camera, and a PC running the software. The

RGBD camera is used to recognize and localize book pages

and cards, as well as detect and localize fingertip contacts

on the book and table. The physical book and paper cards

(e.g., depicting letters, simple objects, or animals) are

interactive components of the system. The system’s main

components are depicted in Fig. 12.

Furthermore, the system integrates the printed matter

recognition and tracking component in order to detect the

presence of known books or printed cards on the desktop,

recognizes them, and estimates their location and orienta-

tion on the desktop coordinate frame. Recognition is based

Fig. 11 Left the user clicks on a

hot spot and a slideshow

application opens laterally to the

open page playing related

videos acquired at real time

from a public image Web site.

Right the user rotates the book,

and the content rendered is

updated so that the video keeps

its alignment with the book,

following its motion

Fig. 10 AR study desk components chain
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on the book model and context-sensitive assistance mod-

ule. Additionally, tangible interaction on physical surfaces

component is used in order to detect users’ finger contact

with book regions.

The application supports two learning modes, (a) read-

ing mode and (b) game mode. When the reading mode is

enabled, the student can turn the pages of the book as she

likes. The system monitors the child’s actions and displays

the electronic version of the open page to a nearby display.

If the child touches a sentence of the physical page, then

the virtual character Ellie starts reading this sentence aloud,

while it is highlighted on the electronic page that is pre-

sented on the display (see Fig. 13 left).

Swapping to Game mode (see Fig. 13 right), the child is

introduced to an educational card game, which acts as a

recapitulation of the letters that have been taught and a

teaching tool for the spelling of some basic words. During

the game, the child is asked twenty-four questions ran-

domly chosen from two categories, asking the child to: (1)

select a card with a picture that corresponds to a word

which begins with a specific given letter (e.g., Lion for ‘‘l’’)

and (2) spell the word represented by a given picture, using

cards representing letters (e.g., Lion is spelled by the cards

representing the following letters ‘‘l,’’ ‘‘i,’’ ‘‘o,’’ ‘‘n’’).

Mode swapping is achieved by placing special purpose

(utility) cards on the desk, one for each mode. The child

can activate a mode at any time and resume its interaction

from where it was left (i.e., resume reading from the last

page that was open or continue answering the last question

that was not successfully completed).

The vision module detects and recognizes the cards that

appear on the table at any given time. In addition, it

characterizes the spatial arrangement by which the cards

are laid out on the table, in order to detect whether they are

in a linear spatial arrangement and properly oriented. The

orientation of cards is required to be compatible with that

of the line. The cards are considered to be properly oriented

if their orientation is not more than 20 degrees different

than that of the line. In this way, arrangements that include

misaligned cards (e.g., upside-down) are not recognized as

valid.

6 User experience evaluation

The main evaluation goal was to identify whether the

proposed framework is unobtrusive in the context of the

educational procedure. Additional evaluation goals inclu-

ded the comparison of the available interaction techniques.

Usability evaluations had previously been carried out for

all three systems [51, 58, 59].

To this end, a within-subjects [60] evaluation experi-

ment with sixteen participants was planned and carried out,

during which each participant used and evaluated all three

Fig. 12 Components chain of the book of Ellie

Fig. 13 Left book mode interaction: the user has just pointed at a phrase in the physical book, which is highlighted in the screen as Ellie reads it

aloud. Right spell-the-word card game
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systems. The within-subjects test was preferred since it is

considered as more appropriate when the evaluation aims

to compare different variables, as the various interaction

techniques used in the three systems. In order to address

any bias in the results due to learning effects, the order in

which participants evaluated the three systems was varied.

6.1 Participants

Participants were selected to be familiar with computers,

nevertheless their expertise in the use of educational soft-

ware and multimedia varied. Furthermore, twelve of the

participants (75 %) were Computer Science students, while

the remaining four participants (25 %) were recruited as

parents of young children who use educational software for

their children. It should be noted that the majority of par-

ticipants were selected to have some experience with

educational software and multimedia, since the main

evaluation goal was to assess the unobtrusiveness of the

system as perceived by the users. Therefore, a comparison

of the participants’ experience with the proposed system

versus standard educational and e-learning software would

provide a reliable indicator. Information about the partici-

pants’ profiles is presented in Table 1.

6.2 Procedure

An important parameter affecting the evaluation methods

that were employed during the experiment was the research

question that should be answered in this evaluation. The

main evaluation goal was not to identify specific usability

issues of the three applications; it was instead to understand

how users experience the overall educational procedure

with the support of the AR systems, as well as to find out

users’ satisfaction regarding the supported interaction

techniques. Since collecting quantitative data was not a

primary concern, the evaluation was carried out by obser-

vation [61] of participants’ interaction with the systems,

taking notes of the errors that were observed and the dif-

ficulties met. During the process, the participants were

encouraged to express their thoughts aloud [62], thus

assisting the observer’s note-taking process. After using

each system, participants were asked to fill-in a short user

experience questionnaire, while the evaluation concluded

with a semi-structured interview focusing on the partici-

pants’ view of the systems. The interview aimed at clari-

fying any interaction issues or usability problems that

occurred during the test, and acquire further insight into the

users’ opinion about the three systems.

During the test, the participants were welcomed and

introduced to the systems, their content, and the various

interaction modalities supported. An important concern

which was raised during the evaluation planning and

preparation phases was the heterogeneity of the three sys-

tems in terms of content and interaction techniques. In

more detail, both the content and the interaction modalities

for each system were selected, so that they would best fit

different educational contexts, as displayed in Fig. 14.

SESIL was designed having in mind a typical classroom

activity of reading and exercise-solving. The AR study

desk targets more exploratory activities where the learner

receives information about a topic alone or in collabora-

tion. Finally, the Book of Ellie addresses younger children

and edutainment activities, where learning is achieved by

play. Design decisions were not revealed to the evaluation

participants, in order to elicit their opinion regarding the

association of interaction techniques with specific educa-

tional contexts and avoid bias.

Furthermore, aiming at obtaining qualitative data, users

were not provided with detailed scenarios structured

around specific tasks. On the other hand, a free exploration

of the system might lead to long evaluation sessions and

unsuccessful interviews with exhausted participants.

Table 1 Evaluation participants’ characteristics

Overall (%) Students (%) Parents (%)

Gender

Male 50 41.5 75

Female 50 58.5 25

Educational S/W expertise

Low 12.5 16.5 0

Medium 43.75 33.5 75

High 43.75 50 25

Fig. 14 Interaction modalities and educational contexts for each

system of the proposed framework
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Therefore, an indicative scenario highlighting the main

system elements that the user should explore was created

and used by the evaluation observer to guide the experi-

ment. Scenario overviews are provided in Table 2.

The user experience evaluation questionnaire comprised

two sections: a section with statements regarding users’

experience with the system and a section with pairs of

contrasting characterizations for the system. In more detail,

participants had to specify their agreement on a scale from

1 (strongly disagree) to 5 (strongly agree) with each one of

the following seven statements:

1. ‘‘The system was easy to use’’

2. ‘‘I didn’t need a lot of practice until I learned how to

use the system’’

3. ‘‘The system was awkward to use’’

4. ‘‘The system disrupted my workflow and disoriented

me from my learning goals’’

5. ‘‘Interaction with the pen/by touch/with cards was easy

to achieve’’

6. ‘‘Such a system can make studying more effective’’

7. ‘‘Such a system can make studying more pleasant/

enjoyable’’

In the case of systems employing more than one inter-

action technique, the relevant question was asked once for

each interaction technique.

Furthermore, the system characterizations (Pleasant—

Unpleasant, Interesting—Boring, Straightforward—Cum-

bersome, Predictable—Unpredictable) ranged on a scale

from 1 to 7, with 1 representing the most positive attitude

(e.g., pleasant) and 7 the most negative (e.g., unpleasant).

The participants were asked to provide a rating indicating

how they felt about the system they had just interacted

with.

Finally, interviews aimed at further investigating the

participants’ view of the interaction and allowing them to

freely express their thoughts. Interviews were structured

around the following discussion themes:

1. User’s opinion regarding the interaction and the

augmented educational experience

2. Learning environments and ages for which each

system is more suitable

3. Most liked feature(s) of user’s interaction with the

system

4. Most disliked feature(s) of user’s interaction with the

system

The interview discussion followed the laddering tech-

nique [63] according to participants’ answers in each one

of the discussion themes.

6.3 Results

Observation during the experiment revealed certain

usability problems in the interface or with the interaction

technique, which were further analyzed during the inter-

view sessions and are reflected in participants’ ratings in

the evaluation questionnaires. However, in certain cases,

the participants—being impressed by the educational

potential of the system and the novelty of the interaction

techniques—tended to disregard the usability difficulties

they faced and rated the system more positively than

expected, based on the hypothesis that they evaluated a

system prototype and that the problems will be eliminated

in the final system.

In more details, SESIL was the system that was found

more difficult to use, mainly due to the interaction tech-

niques employed. Handwriting turned out to be difficult for

users, it was not always accurate, and it required writing

large letters. Furthermore, users faced difficulties with the

pen, mainly since they found that they did not know which

exact gestures were supported by the system and they were

unsure of what gesture would be appropriate for each task.

On the other hand, the AR study desk was considered more

straightforward and easier to predict. Comments regarding

the AR study desk mostly referred to enhancing its func-

tionality with additional embedded applications (such as

games). Finally, the Book of Ellie was also considered

straightforward, enjoyable, and easy to predict. As shown

in the diagrams below, both the AR study desk and the

Book of Ellie received similar ratings from the evaluation

participants.

Figure 15 displays the average and standard deviation

rating for each question of the evaluation questionnaire for

Table 2 Scenario overviews

System Scenario description

SESIL The user was asked to open the book at the first page

of a chapter (thematic unit). There he/she was

instructed to read the content, browse the next

couple of pages, and find additional information for

specific words that might be of interest. Then, the

user was asked to move to the chapter’s exercises

and solve a fill-the-gap exercise with multiple

choice answers, as well as to answer an exercise by

providing handwritten input

AR study

desk

The user was instructed to select one of the available

leaflet books and initiate interaction with the

system. Then, he/she was asked to browse through

the pages of the book and select three specific

points of interest (text passages or images) for

which he/she would like to receive additional

information

The book of

Ellie

The user was asked to browse through the book pages

and select text passages or letters of the alphabet of

interest. After a short period of interaction with the

book, the user was urged to switch to game mode
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all three systems. The results referring to the interaction

techniques are presented in Fig. 16, where ratings regard-

ing touch in the AR study desk and touch in the Book of

Ellie have been aggregated into one result referring to

touch in general. Questionnaire results related to users’

characterizations of the three systems are presented in

Fig. 17.

In summary, the two systems employing touch as the

interaction technique were found easier to use and learn,

less awkward, and obtrusive. Interestingly, however, all

three systems were considered as having the potential to

make studying more effective and enjoyable. The Book of

Ellie was considered as the system that would make

studying more effective and enjoyable, mainly since it was

more targeted to specific audiences (young children), and

thus, it was easier for users to appraise its learning potential.

Furthermore, results regarding the interaction techniques

indicated touch- and card-based interaction as easier to use,

while several problems and difficulties were encountered

with handwriting- and pen-based interaction. Note that

since each system employed specific interaction tech-

niques, as illustrated in Figs. 14 and 16 includes several

0-value bars.

In addition, users considered the Book of Ellie as the

most pleasant and predictable, while very close in ratings

was the AR study table. On the other hand, although SESIL

was considered less pleasant, straightforward and predict-

able, it is noteworthy that it was rated as the more inter-

esting system.

Users’ comments provided during the interview sessions

were studied using affinity diagrams [64]. In summary, the

following conclusions relevant to the research questions

arose:

• Users’ opinion regarding the unobtrusiveness of each

system was greatly impacted by the ease of use. As one

of the users put it regarding handwriting and SESIL:

‘‘struggling to make handwriting work disorients me

seriously from my initial goal—solving a simple

exercise.’’

Fig. 15 Analysis of the evaluation questionnaire results

Fig. 16 Analysis of the

evaluation questionnaire results

regarding interaction techniques
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• The majority of users indicated that the Book of Ellie

would be more appropriate for young children, while

SESIL would be better to address high school students

who are more familiar with handwriting. The AR study

desk was considered to be a system appropriate for all

ages and educational contexts, having of course its

content and perhaps additional applications updated

accordingly.

• Being familiar with touch-based interaction due to the

popularity of smart phones and touch-enabled devices,

Fig. 17 Analysis of the

evaluation questionnaire results

regarding the systems’

characteristics

Fig. 18 Affinity diagram for

users’ likes and dislikes for the

three systems
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users found this interaction technique as the less

obtrusive one. According to an evaluator’s words ‘‘I

don’t have to think about it: I just point with my finger.

It’s easy and simple.’’

Finally, a summary of users likes and dislikes about

their interaction with each one of the systems is presented

in the affinity diagram of Fig. 18. Affinity diagrams were

also employed in order to find out any important differ-

ences in users’ comments according to their profile and

mainly according to their experience with other educational

software, nevertheless important differences and trends

were not identified.

7 Conclusions

This paper has presented a framework aiming to enhance

the educational process by augmenting physical educa-

tional assets (i.e., printed matter) with technological fea-

tures in an unobtrusive and user-friendly manner. To

achieve this, the framework supports natural interaction

techniques and employs in the interaction typical educa-

tional material, such as books and pens. In turn, these

techniques are based on visual sensing of the environment

and the computational analysis of the pertinent images to

extract information from it passively.

The proposed framework integrates three applications,

each one structured around different educational activities

and featuring different content and interaction techniques.

More specifically: (1) SESIL addresses typical classroom

activities such as reading and exercise-solving, (2) the AR

study desk targets exploratory educational activities where

the learner aims to receive information about a specific

topic, either alone or in collaboration with other learners,

while (3) the Book of Ellie mainly addresses the needs of

younger children and edutainment activities, where learn-

ing is achieved through playing.

To evaluate and compare the various interaction tech-

niques employed in the three systems and to assess the

unobtrusiveness of the proposed applications and frame-

work, an evaluation study was carried out. The results

indicated that touch-based interaction was considered

intuitive and easy to use, card-based interaction was

characterized as appropriate in the context in which it was

proposed, while pen-based interaction was more cumber-

some for the users, due to technical difficulties with the

handwriting process. Furthermore, an important parameter

affecting the unobtrusiveness of a given system in the

educational process was the usability of the system and the

straightforward nature of the interaction technique.

Another evaluation conclusion was that most of the users

were positive toward using technology in the context of

educational activities and that the usability problems that

they encountered with a system did not affect their view

regarding the adoption of the system in the educational

process.

Future work will mainly address the improvement of

interaction as well as the broader evaluation of the

framework. To improve interaction, further unobtrusive-

ness and ease of use are sought through interaction with

additional modalities, such as speech recognition. Besides

fostering more usability needs that are important in the

educational process, the system could also better adapt to

the activity and context that the user is focusing on at each

moment in time. Broader evaluation addresses experiments

in real classroom settings, aiming at wider-range collection

of evaluation data in order to more precisely characterize

the educational benefits of the proposed framework and

compare it to more conventional uses of technology in

education, such as e-learning.
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