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Motivation

Enable interactive and collaborative mechanisms for AR solutions01

Discover limitations of current AR applications for education03

Allow interoperability across different platforms02

Identify the requirements to simplify adoption of AR in the classroom04

Develop and evaluate working solutions05



ARETE
supports the 
interactive 
technologies 
efforts, 
through the 
multi-user 
interactions 
within AR 
technologies 
evaluated in 
education
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▹ Define a software architecture that simplifies the creation and 
adoption of collaborative AR solutions for education
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What collaborative, multi-user, interactive AR applications in education?RQ1

Are AR applications effective at improving the knowledge of the students?RQ3

What is the motivation for using AR apps as an educational tool?RQ2
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METHODOLOGY

▹ Inclusion criteria:
▸ Studies published 

between 2015 and 2023
▸ New AR application
▸ Primary and secondary 

schools

17

▹ Exclusion criteria:
▸ Not interactive, 

collaborative or multi-
user

▸ Not for education
▸ Not peer reviewed



INTRODUCTION
Motivation

Objectives

Methodology

Contributions

RESEARCH
RESULTS

Interoperable 
architecture for 
collaborative 
AR in education

Validation of the 
proposed 
architecture

CONCLUSIONS

Conclusions

Publications

Future work

STATE OF THE 
ART

Overview

Methodology

Results

Discussion

Results

RESULTS18



INTRODUCTION
Motivation

Objectives

Methodology

Contributions

RESEARCH
RESULTS

Interoperable 
architecture for 
collaborative 
AR in education

Validation of the 
proposed 
architecture

CONCLUSIONS

Conclusions

Publications

Future work

STATE OF THE 
ART

Overview

Methodology

Results

Discussion

RQ1: Interactive, multi-user, collaborative AR in education19

Studies were categorized based on their interactive functionalities: 
Basic interactivity / Object interaction / Quiz / Behaviour tracking / Augmented interactions / Multi-user / Collaborative

01

Mostly single-user experiences (21/131 multi-user, 16/131 collaborative)03

Majority of the studies offer very limited interactive functionalities02

Behaviour tracking hardly considered (6/131)04

Augmented interactions started getting traction in 2019 05

Results
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RQ2: Motivation for AR as educational tool

▹ Most of the studies do not motivate the choice of their application

▹ They usually present the advantages provided by using AR in the classroom:

▸ Interaction with real world

▸ Simplifies gamification

▸ It can be used as a tool to provide supplementary material

▸ Enables 3D visualization and animations

▸ Can be especially helpful for children with learning disabilities

▸ (Limited) effect on student motivation

20
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RQ3: Effectiveness of AR at improving knowledge

▹ 103 out of 131 studies provided 
information on the number of participants

21

▹ Evaluation performed in three ways:
▸ Comparison with control group
▸ Surveys
▸ Pre- and post-test

▹ Studies rarely present statistically significant results

▹ Limited improvement over traditional learning methods

▹ No studies showing negative impacts of AR – only 1 showing no effect

▹ Only 2 studies measuring topics retention
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▸ Comparison with control group
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▹ Studies rarely present statistically significant results

▹ Limited improvement over traditional learning methods

▹ No studies showing negative impacts of AR – only 1 showing no effect

▹ Only 2 studies measuring topics retention



INTRODUCTION
Motivation

Objectives

Methodology

Contributions

RESEARCH
RESULTS

Interoperable 
architecture for 
collaborative 
AR in education

Validation of the 
proposed 
architecture

CONCLUSIONS

Conclusions

Publications

Future work

STATE OF THE 
ART

Overview

Methodology

Results

Discussion

Results

RQ3: Effectiveness of AR at improving knowledge

▹ 103 out of 131 studies provided 
information on the number of participants

21

▹ Evaluation performed in three ways:
▸ Comparison with control group
▸ Surveys
▸ Pre- and post-test

▹ Studies rarely present statistically significant results

▹ Limited improvement over traditional learning methods

▹ No studies showing negative impacts of AR – only 1 showing no effect

▹ Only 2 studies measuring topics retention



INTRODUCTION
Motivation

Objectives

Methodology

Contributions

RESEARCH
RESULTS

Interoperable 
architecture for 
collaborative 
AR in education

Validation of the 
proposed 
architecture

CONCLUSIONS

Conclusions

Publications

Future work

STATE OF THE 
ART

Overview

Methodology

Results

Discussion

Results

RQ3: Effectiveness of AR at improving knowledge

▹ 103 out of 131 studies provided 
information on the number of participants

21

▹ Evaluation performed in three ways:
▸ Comparison with control group
▸ Surveys
▸ Pre- and post-test

▹ Studies rarely present statistically significant results

▹ Limited improvement over traditional learning methods

▹ No studies showing negative impacts of AR – only 1 showing no effect

▹ Only 2 studies measuring topics retention



INTRODUCTION
Motivation

Objectives

Methodology

Contributions

RESEARCH
RESULTS

Interoperable 
architecture for 
collaborative 
AR in education

Validation of the 
proposed 
architecture

CONCLUSIONS

Conclusions

Publications

Future work

STATE OF THE 
ART

Overview

Methodology

Results

DiscussionDiscussion

DISCUSSION22

Lack of authoring tools

Availability of free-to-use 3D content

Code publication



INTRODUCTION
Motivation

Objectives

Methodology

Contributions

RESEARCH
RESULTS

Interoperable 
architecture for 
collaborative 
AR in education

Validation of the 
proposed 
architecture

CONCLUSIONS

Conclusions

Publications

Future work

STATE OF THE 
ART

Overview

Methodology

Results

DiscussionDiscussion

DISCUSSION22

01
Lack of authoring tools

Availability of free-to-use 3D content

Code publication

Issues



INTRODUCTION
Motivation

Objectives

Methodology

Contributions

RESEARCH
RESULTS

Interoperable 
architecture for 
collaborative 
AR in education

Validation of the 
proposed 
architecture

CONCLUSIONS

Conclusions

Publications

Future work

STATE OF THE 
ART

Overview

Methodology

Results

DiscussionDiscussion

DISCUSSION22

01
Lack of authoring tools

Availability of free-to-use 3D content

Code publication

02 Stronger positive impact is related to inclusion of AR usage in existing school curricula

Issues



INTRODUCTION
Motivation

Objectives

Methodology

Contributions

RESEARCH
RESULTS

Interoperable 
architecture for 
collaborative 
AR in education

Validation of the 
proposed 
architecture

CONCLUSIONS

Conclusions

Publications

Future work

STATE OF THE 
ART

Overview

Methodology

Results

DiscussionDiscussion

DISCUSSION22

01
Lack of authoring tools

Availability of free-to-use 3D content

Code publication

02

03 Multi-user AR for distance learning is an unexplored topic

Stronger positive impact is related to inclusion of AR usage in existing school curricula

Issues



INTRODUCTION
Motivation

Objectives

Methodology

Contributions

RESEARCH
RESULTS

Interoperable 
architecture for 
collaborative 
AR in education

Validation of the 
proposed 
architecture

CONCLUSIONS

Conclusions

Publications

Future work

STATE OF THE 
ART

Overview

Methodology

Results

DiscussionDiscussion

DISCUSSION22

01
Lack of authoring tools

Availability of free-to-use 3D content

Code publication

Latest AR technologies still not widely used (mostly vision, QR-based)

02

03

04

Multi-user AR for distance learning is an unexplored topic

Stronger positive impact is related to inclusion of AR usage in existing school curricula

Issues



3. RESEARCH RESULTS
Main contributions of the PhD work
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In-depth analysis of 
the state-of-the-art

C1
Orkestra: library for 

multi-user 
interactions

C2
cleAR: modular 

architecture for AR 
solutions

C3
ARoundTheWorld: 

implementation of an 
AR app based on 

cleAR

C4

D
O
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Mostly single user apps

No integration with 
school curricula

No data collection
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TEACHERS INPUT

Mostly single user apps
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Create AR content 
satisfying 

requirements

FRAMEWORK

How AR can 
positively impact 

education

TEACHERS INPUT

Mostly single user apps

No integration with 
school curricula

No data collection
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TEACHER SURVEY – In cooperation with Ikastolen Elkartea26

▹ 45 questions split into 3 sections:

Information about the 
teachers and usage of 
TEL at their school

Which technological 
tools would they like to 
use at school

Usage of AR apps in 
school and perception of 
AR as teaching instrument
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TEACHER SURVEY27

01

02

03

04

05

06

47 teachers participated –
mostly facilitators

High availability of PCs 
and laptops

Widespread adoption of 
software tools

Dissatisfaction with 
existing AR applications

AR should provide 
interactivity & collaboration

Interest in using Artificial 
Intelligence tools
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TEACHER REQUIREMENTS28

R1 Work on many different platform and devices

R2 Foster teacher-student interactivity

R3 Foster student-student interactivity

R4 Enable several customisation options

R5 Collect data on how the application is used

R6 Enable easy development, as well as installing and updating

R7 Work smoothly on older hardware

R8 Allow collaborative work

R9 Provide tools for analysis of data and usage patterns

R10 Enable automatic analysis of test difficulty

R11 Detect students with learning difficulties
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DESIGN OBJECTIVES29
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COLLABORATIVE LEARNING ENVIRONMENT FOR AR30

▹ cleAR is the architecture defined to fulfil every design objective 

▹ It is a client-server architecture, composed by several modules

▹ Each module oversees a specific task and satisfies a design objectives

▹ DO1 (interoperability) and DO6 (ease of development) fulfilled thanks to how 

the architecture was defined

▹ Some components rely on existing libraries, developed at Vicomtech or 

available as open source
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Multi-user interactions Data storage AI-based analytics Visualization tools

Multi-device library

Web Client Unity 
Client

Logging API AI input API

App 
optimization

Web Dashboard

Socket server

Static server

Synchronization server

xAPI Manager

AI output APIEDA tools

AI Framework

Model fine-tuning server

Dataviz server

Visualization exporter

Shared state User-App Interactions Model Zoo Visualizations DB

School DBs (Digital school register,
Class schedules, Inventory, …)

Data storage API

Learning Record Store
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MULTI-USER INTERACTIONS: ORKESTRA32

▹ Synchronisation and management of heterogeneous 
devices in multi-user applications 

▹ Developed for web applications, then extended to 
other software environments

▹ Enables context maintenance in multi-device 
environments

▹ Main features:
▸ State sharing and synchronisation
▸ Service publishing from one device to another
▸ Video synchronisation from a centralised clock

Multi-user interactions

Multi-device library

Web Client Unity 
Client

Socket server

Static server

Synchronization server

Shared state
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ORKESTRA: state synchronisation33

▹ Applications can store data and share it across devices

▹ When a device changes its state, this is shared across 

every connected device

▹ There are two types of state:

▸ Agent

▸ Application

Interoperable 
architecture for 
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ORKESTRA: services34

▹ Create services on a device which are then consumed by others

▹ Resource intensive services can be delegated to powerful devices

▹ Example: computer vision tasks 
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ORKESTRA: video sharing and synchronization35

▹ Multiple user can watch the same video content at the same time

▹ Multimedia content can also be shared across devices, for example to share 
the screen or the content grabbed from a camera
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architecture for 
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in education
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DATA STORAGE36

▹ Data can be serialized and stored on a DB or locally

▹ An API allows storing and retrieving data through a 

Learning Record Store

▹ This enables applications to fetch data from existing 

LMSs (e.g., a set of questions for a test) and writing 

data to it (e.g., results of in-app quizzes, students' 

progress)

Data storage

Logging API

xAPI Manager

User-App Interactions

Data storage API

Learning Record StoreInteroperable 
architecture for 
collaborative AR 
in education



INTRODUCTION
Motivation

Objectives

Methodology

Contributions

RESEARCH
RESULTS

Interoperable 
architecture for 
collaborative 
AR in education

Validation of the 
proposed 
architecture

CONCLUSIONS

Conclusions

Publications

Future work

STATE OF THE 
ART

Overview

Methodology

Results

Discussion

AI-BASED ANALYTICS37

▹ Data collected through the application can be used to 

train or fine-tune AI models

▹ Models are trained and stored on the server side

▹ The API defines an interface for data input, and relies 

on existing AI frameworks

▹ Specific algorithms for optimization of app parameters

AI-based analytics

AI input API

App 
optimization EDA tools

AI Framework

Model fine-tuning server

Model Zoo
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VISUALIZATION TOOLS38

▹ Provides an interface for visualisation and reporting

▹ Simplifies the exploration of the data collected

▹ Low-code creation of plots and charts

▹ Enables teachers to draw insights

Visualization tools

Web Dashboard

AI output API

Dataviz server

Visualization exporter

Visualizations DB
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PROOFS OF CONCEPT39

▹ Three PoCs were created to perform a technical validation of the 

architecture and to verify that different design objectives were satisfied
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PROOFS OF CONCEPT39

▹ Three PoCs were created to perform a technical validation of the 

architecture and to verify that different design objectives were satisfied

AR Cube
Interoperable 
architecture for 
collaborative AR 
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PROOFS OF CONCEPT39

▹ Three PoCs were created to perform a technical validation of the 

architecture and to verify that different design objectives were satisfied

AR Cube xAPI data analysis
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architecture for 
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in education
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PROOFS OF CONCEPT39

▹ Three PoCs were created to perform a technical validation of the 

architecture and to verify that different design objectives were satisfied

AR Cube xAPI data analysis AR Geo Quiz
Interoperable 
architecture for 
collaborative AR 
in education
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AR-CUBE

▹ Interactions with the augmented content are 

broadcast to all connected users

▹ Users can rotate the object or change its colour

▹ Interactions are stored in a queue and sent when 

the dispatch time has elapsed

▹ Dispatch time can also be estimated automatically

40
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xAPI DATA ANALYSIS 

▹ A Learning Record Store that collects data from 

users accessing a web page.

▹ Data collected in the form of xAPI statements

▹ Demonstrates integration with Learning Locker 

▹ Stress test was performed with 10 clients, 

sending a total of 80k statements

▹ The statements were used to train a simple linear 

classifier

41
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AR GEOGRAPHY QUIZ

▹ A more complex example that simulates a 

geography quiz

▹ This PoC was then further developed to create 

ARoundTheWorld

▹ Two modalities:

▸ free exploration

▸ forced perspective

42
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PROOFS OF CONCEPT43

Design Objective

PoC Interoperable Multi-user Data Storage AI Support
Easy to 
develop

AR Cube ✓ ✓ ✓ ✓
xAPI Data 
Analysis ✓ ✓ ✓ ✓

AR Geography 
Quiz ✓ ✓ ✓
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Validation of the proposed architecture44

In-depth analysis of 
the state-of-the-art

C1
Orkestra: library for 

multi-user 
interactions

C2
cleAR: modular 

architecture for AR 
solutions

C3
ARoundTheWorld: 

implementation of an 
AR app based on 

cleAR
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OVERVIEW45

01

Objective: demonstrate potential of cleAR in the creation of collaborative 
and interoperable applications

02

03

04

The app, ARoundTheWorld, was designed with the help of teachers 

A more complex application is required to validate cleAR in a school 
environment

Conceptual validation of cleAR performed through the creation of 3 PoCs 
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ARoundTheWorld46

Collaborative geography quiz

Other students collaborate by giving hints

App sends a question, student answers by placing pin on 3D globe 

Teacher has access to dashboard, to display results or create new quiz 

App is gamified to motivate students 

01

03

02

04

05
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▹ At the end of the quiz, the teacher can check the results, access a 
dashboard with user statistics or launch a new quiz



INTRODUCTION
Motivation

Objectives

Methodology

Contributions

RESEARCH
RESULTS

Interoperable 
architecture for 
collaborative 
AR in education

Validation of the 
proposed 
architecture

CONCLUSIONS

Conclusions

Publications

Future work

STATE OF THE 
ART

Overview

Methodology

Results

Discussion

Validation of the 
proposed 
architecture

ARoundTheWorld – fulfilment of Design Objectives

▹ Interoperability (DO1): supports iOS and Android devices, HoloLens HMD and PC

▹ Multi-user support (DO2): Orkestra functionalities

▹ Data analytics (DO3, DO4, DO5): xAPI statements on a Learning Locker server

▸ Basic data analysis functionalities provided by Learning Locker

▸ Advanced EDA, visualisation and IA provided via custom Python package

▹ Ease of development (DO6): interview with developer

52
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ARoundTheWorld – Evaluation

▹ The evaluation was performed with 44 students from 3 different educational 
institutions: Salesianos, Zubiri Manteo y Universidad de Deusto

53

Participants
Gender Players

Watchers Total
Males Females Tablets Phones

14-year-old 9 8 4 5 8 17

17-year-old 16 1 3 6 8 17

19-year-old 6 4 3 6 1 10

Total 31 13 10 17 17 44
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ARoundTheWorld – Evaluation protocol54

Explain purpose and experiment briefing

Survey ID was the same as the user ID used for in-app data collection 

Fill questionnaire (inspired on P-SUS)

Post-study interview with teachers

Data analysis from xAPI statements collected during experiment
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ARoundTheWorld – Data analysis

▹ Players interacted much more than the watchers
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ARoundTheWorld – Data analysis

▹ Tests to detect correlations in the data and in the survey results 

▸ Number of interactions vs. survey average punctuation ✗

▸ Number of interactions vs. quiz results ✗

▸ Survey average punctuation vs. number of suggestions ✓

▹ Suggests that the most engaged students were the ones that gave a 

higher score in the survey

59
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ARoundTheWorld – Teachers’ interview60

Collaborative features were especially appreciated

Sceptical about the AI functionalities

Personalisation options were also well received

Role of the watchers was too passive

Questions related to exporting data and future updates

Validation of the 
proposed 
architecture
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4. CONCLUSIONS
Conclusions and future work
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Limited number of works presenting collaborative AR
Lack of a framework providing multi-user, multiplatform support
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01 Limited number of works presenting collaborative AR
Lack of a framework providing multi-user, multiplatform support

02 Collaboration with teachers from Ikastolen Elkartea identified 11 requirements 
for AR applications to be successfully used in education

Gaps



INTRODUCTION
Motivation

Objectives

Methodology

Contributions

RESEARCH
RESULTS

Interoperable 
architecture for 
collaborative 
AR in education

Validation of the 
proposed 
architecture

CONCLUSIONS

Conclusions

Publications

Future work

STATE OF THE 
ART

Overview

Methodology

Results

Discussion

Conclusions

CONCLUSIONS62

01 Limited number of works presenting collaborative AR
Lack of a framework providing multi-user, multiplatform support

02

03
Development of cleAR, based on 6 design objectives: 

Interoperability /  multi-user support / data collection / data viz / analytics / ease of development

Collaboration with teachers from Ikastolen Elkartea identified 11 requirements 
for AR applications to be successfully used in education

Gaps
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01 Limited number of works presenting collaborative AR
Lack of a framework providing multi-user, multiplatform support

Validated by testing ARoundTheWorld with 44 students from 3 educational centers
Post-study interviews and analysis of surveys demonstrate compliance with teacher requirements

02

03

04

Development of cleAR, based on 6 design objectives: 

Interoperability /  multi-user support / data collection / data viz / analytics / ease of development

Collaboration with teachers from Ikastolen Elkartea identified 11 requirements 
for AR applications to be successfully used in education

Gaps
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In-depth analysis of the 
state-of-the-art

C1

• State of research on AR 
applied to education

• Motivation for using AR
• Effects of AR on motivation 

and retention

Orkestra: library for 
multi-user interactions

C2

• Low-latency
• Media synchronization
• Multiplatform

cleAR: modular 
architecture for AR 

solutions

C3

• Satisfies teacher 
requirements

• Simplifies creation of 
collaborative applications

ARoundTheWorld: 
implementation of an AR 
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