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Decentralized Learning Infrastructures for
Community Knowledge Building

Peter de Lange, Bernharde&chlberger, Tracie Farrell, Alexander Neumann and Ralf Klamma

AbstractLearning in Communities of Practice (CoPs) makes (mostly unwritten) policies include the knowledge necessary
up a signi cant portion of today’s knowledge gain. However, only - to navigate within the digital community space and are an
little technological support is tailored speci cally towards CoPs entry barrier for novices as well as a hindrance to community
and their particular strengths and challenges. Even worse, CoPs
often do not possess the resources to host or develop a softwareCOhe_rence' Moreover, the CoP becom_es dependent (_)n the tool
ecosystem to support their activities. In this contribution, we Provider and also loses control over its data. Even if a CoP
describe a decentralized learning infrastructure for community manages to establish a centralized infrastructure, this often
knowledge building. It takes into account the constant change results in dependencies on single, knowledgeable members or

of these communities by providing a leightweight and scalable jstittions and does not account for dynamic membership, a
infrastructure, without the need for central coordination or C !
common characteristic of CoPs.

facilitation. As a real use case, we implement a question-based ] ] .
dialog application for inquiry-based leaming and ignorance As a consequence, we claim that a suitable infrastructure

modeling with our infrastructure. Additionally, we explore the for CoPs needs to be decentralized and managed by the com-
possibility of using social bots to connect the services provided by munity members themselves. It should be easily deployable,
the decentralized infrastructure to communication tools already extensible and exible in terms of scalability and accessibility
present in most communities (e.g. chat platforms). Following a f h ide. Einallv. it should al id
design science approach, we describe a multi-step evaluation rom _t ¢ O_UISI €. Finally, It_S 9“ f”l‘c’_o provige SUp_port
of both the infrastructure and application, together with the for orientation and self-organization within the community’s
improvements made to the resulting artifacts of each step. Our digital space. The microservice paradigm [5], with loosely
results indicate the relevance of our approach, that may serve coupled services, bound together by lightweight protocols,
as an example of how decentralized learning infrastructures for ts these demands perfectly. Combined with an underlying
learning outside of formal settings can be applied by CoPs for
knowledge building. peer-to-peer (p2p) .network. of nodes managed'by the CoPs
themselves, the microservices should self-replicate through
the network according to the community’s current needs and
provide the necessary information. Once deployed on the
infrastructure, those services and development efforts should
I. INTRODUCTION remain available, even after the contributing member has left

HE vast majority of human learning happens outside &te CoP. Like the ship in the Theseus paradox, a community

formal settings. Learning activities may be quite inforshould be able to persist, even though all of its members
mal, as found in incidental learning, self-regulated learnirf(eve changed over time, as long as there are people willing
and socialization [1]. Some learning may involve more stru¢® engage. Serving as@mmunity’s long term memory, the
ture or planning, which is generally referred to as non-form#ifrastructure allows members to learn from their ancestors,
learning [2]. A signi cant portion of this learning happengmuch like we can observe in scienti c communities.
in Communities of Practice (CoP<)][3]. These communities Just like opening the water tap, using a certain learning
are not bound together by an organization, but rather Byvironment should be available to every community member
sharing a common craft or profession, with the desire to lea@h all times. This formulates also the requirement, that the
from each other through knowledge sharing and knowledifgarning environment is easily accessible to non-technical
building. While only few CoPs have the size and in uenc€ommunity members. We introduce the utilization of the
to get tools tailored to their needs, the long tail [4] of CoPgonversational interfaces that social bots offer, so members
does not possess the resources, such as central hostingca@f- connect to their learning environment in ways already
frastructures or shared budget. Consequently, they often adi@giliar to them. Thus, we propose Ll@arning as a Utility
publicly available tools (e.g. social software) and re-purpog@proach, which makes it possible for all community members
them according to their needs, mitigating the tools’ technict@ equally engage in development, hosting and using learning

shortcomings through socially enforced usage policies. Thea@plications.
The contribution of this work is twofold. First, we describe
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We start by presenting the background of our research aror emergent knowledge, revealed ignorance plays a pivotal
continue with a real-world use case, from which we derive owole in both the theory of knowledge building_[10] and the
functional requirements (Se] Il). After a short functionalitsECI model (here especially in the externalization step,
description of the developed application (§ed. Ill), we presewhere both knowledge and ignorance can be revealed). The
our design science-based research methodology (Séc. Iéarning process ainquiry-Based LearningIBL) starts with
Next follows a detailed description of the artifacts developeal question or statement of curiosity, sometimes called the
in this contribution (Sec[ V). We evaluate our artifacts invonder moment [11]. Once an unanswered question is asked
multiple iterations and discuss their implications (Sec| VIwithin a community, it challenges the ideas and theories of
before presenting related work (Sgc.|VIl) and concluding thiee community. A collective model ofommunity ignorance
contribution (Sed_ V). results from the subsequent discourse.

Il. BACKGROUND AND USE CASE
A. Ignorance Modeling in Communities of Practice B. Use Case: European Youth Workers

Our work focuses on the support of community learning In our use case, a community of young European youth
processes in the digital space. We understand it as a sowalkers are preparing for participation in a European-funded
process that involves negotiation of meaning and social camaining course on creative leadership . The participants are
struction of knowledge. With respect to learning as a sociah international group, with different levels of experience,
process, the theory of CoPs describes the emergence, transéen multiple organizations and countries. While they may not
and preservation of knowledge! [3]. yet constitute a CoP, these young adults form a Community

In the domain of school education, a theory that specief Inquiry (Col) as a precursor to identifying areas of shared
cally focuses on social con guration for knowledge creatiopractice [12], eventually leading to a CoP. The trainer team
is the theory ofknowledge buildingby Scardamalia and must create learning content that appeals to this diverse
Bereiter [7]. The rationale behind it is that the knowledggroup and meets their needs, which is a challenge, given
called state-of-the-art is the sum of the knowledge of th¢he complexity of both creativity and leadership as learning
community. Knowledge work therefore is the advancemestibjects. In addition, the three trainers providing the course are
of the state of knowledge within a CoP. Knowledge buildingdistributed across different countries and organizations as well,
explicitly focuses on the community knowledge advancemewith no possibility to meet beforehand. Since the whole CoP
and stresses the temporary nature of ideas and theories. Evaiyher shares a geographic location, nor central infrastructure
idea is improvable and every theory can be re ned, rede neat budget, this use case stands exemplary for the needs and
or replaced by a new improved theory. To work on ideashallenges of distributed CoPs.
knowledge building uses a form of discourse that can beTo help establish the boundaries of the participants’ knowl-
characterized as a cooperative process where participantsedige and identify common ground or potential con icts, the

committed to trainers want to nd out which questions the participants have
1) progress, about creative leadership and how those questions relate to
2) seek common understanding, one another. Speci cally, the trainers implement a form of
3) and expand the base of accepted facts. Question-Based Dialogalled Noracle[[5] before the training

Knowledge building assumes that learners’ understandingstéts, to model and visually represent their common space of
emergent and that the development of complex cognitive stri@horance about creative leadership. This special form of IBL
tures for complex concepts is achieved by self-organizatiopfarts with a seed question raised by the trainers, which is then
new conceptual structures [...] emerge through the intera@bswered by the participants by raising follow-up questions.
tion of simpler elements [...][[7]. This is also applicable tol his way, theCommunity Ignorancéecomes visible and the
knowledge of ignorance, which can rather be expressed giners gain insight about what the participants are interested
questions then by idea statements. in and their views on the subject. As participants create this
Coming from the eld of organizational studies and knowlProblem Space, they document the questions they have about
edge management, tt8ECI modeHeveloped by Nonaka andcreative leadership, their assessments of the questions that
Takeuchi [8] and its adaption to Web 2.0 [9] describe thethers stated and any links they perceive between them. In
process of knowledge creation in four cyclic steps: its analog form, this involves an on-scene session at the start

1) Socialization (tacit to tacit): the process of sharing tac 1€ training course, where the community has a limited
knowledge by collaboration and practice, through whiclime-frame to establish their community ignorance by writing
learners develop a shared mental model down questions they have. A digital version of the concept,

2) Externalization (tacit to explicit): make this knowledgd'0Sted decentrally by the community itself, could be applied
explicit, e.g., by writing it up, revealing the tacit knowl-&lready before the community meets. We state the following
edge two research questions:

3) Combination (explicit to explicit): combine explicit R1: Does a digital version affect the community’s knowledge
knowledge sources to create new knowledge of their ignorance?

4) Internalization (explicit to tacit): by using the explicit R2: Can a decentralized learning infrastructure be managed
knowledge sources, the knowledge is internalized by the community?
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Il1. DIGITAL QUESTION-BASED DIALOG FOR IGNORANCE IV. METHODOLOGY

MODELING Our methodology follows a design science approach as

In this section, we describe the functionality of a digital androposed by Hevnel [13], and applies the guidelines proposed
distributed version of the Noracle method. It fullls the useby Peffers [[14]. Fig[]2 gives an overview on the whole
case described in the previous section and makes it possibl@itocess, consisting of seven iterations. While §ef. VI provides
explore and map community ignorance through question-basedetailed description of each evaluation step and its outcome,
dialog, asynchronously and without a formal infrastructure. this section describes the overarching process.

Noracle Spaces  Logout

Problem Solution Artifact
Identification Objective Design & Development  Demonstration Evaluation Communication

Traditional
method
does not scale

Digitization
of method

Preliminary

evaluation Lo el

Paper prototype Research group

Select/Navigate (O Drag/Zoom (O Add Question (O Add Relation (O Vote/Edit

Fig. 1. Screenshot of the Distributed Noracle application, showing a questic
based dialog space used in one of our evaluations.

A space is the main view of the application (shown i
Fig.[T). Users can create a space and invite others to the sg
by sharing an invitation link. The user interface provides a li:
of subscribed spaces such that users can switch between sp
with two clicks. The space view consists of a canvas displayil _
the questions and their relations as a graph of speech bubbles. _ _ ,
it also features a lst of users subscribed to the space anfi% 2, Tne desig scence process e foloued o desin, develop evaae
(collapsible) help section. Below the canvas, users can selg@wledge building.
their current interaction mode. The Select/Navigate mode
allows users to de ne the portion of the graph that is displayed. Our starting point was the original, analog Noracle
Selected questions and direct neighbors of selected questiorethod [6] and its problem of scalability. The preliminary
are displayed. If a displayed question that is not yet selectedaluation, based on a paper prototype, led to the requirement
has neighbors that would be displayed upon selecting it, thefy the decentralized infrastructure. We communicated these
are symbolically indicated as additional speech bubbles behimdults in a vision papei_[15]. Our next phase was mainly
the question. In the Drag/Zoom mode, users can moveoncerned with getting to know how people would interact
guestions around freely, as well as pan and zoom, to eitlveith our newly developed prototype and the interface evalu-
view parts of the graph in detail or get a birds eye vievation describes the rst evaluation of the digital artifact. We
The Add Question and Add Relation mode allows userscontinued with a rst evaluation of the decentralized scenario
to add questions or relations by clicking on one questidan a workshop setting, which disclosed technical shortcomings
(add a question) or two questions (add a relation). Thenwe tried to overcome and improve for the next phase, the
dialog window opens that asks the user to enter the text of tist real-world pedagogical usage evaluation of our artifact.
guestion or the type of the relation. For relations, we allow farhis rather large evaluation allowed us insights into manifold
both Follow Up relations (depicted as small arrows indicatingspects of both infrastructure and tool usage. The aggregated
the direction), which is the default type of relation that isesults of these three iterations were communicated_ih [16].
created between a new question and its parent questionBased on the outcomes of this rst real-world evaluation, we
well asLink relations (depicted as straight lines) that displafpund several technical shortcomings of our approach that we
a certain connection of similar questions, although they aaeldressed in the following iteration. We established the seed
not in a directFollow Up relationship. Finally, the Vote/Edit network, improved the monitoring facilities and developed
mode enables users to either modify their own questions ah@ service explorer, which we evaluated in our technical
relations or to assess the value of questions or relationsevBluation. These results were communicated[in [17]. The
others. We use a coloring mechanism that displays the enfiigk of guidance, especially with regards to larger question-
according to its overall rated usefulness in a specic colobased dialog spaces was addressed in the following iteration
ranging from green to red. by introducing the Noracle Bot, which we describe in our pilot
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bot evaluation and nally our second real-world pedagogicaind hosting Java microservices. Every las2peer node in our
usage evaluation. The complete results of the whole procelesentralized community learning infrastructure consists of at
are communicated here. least two components. The rst is thBistributed Storage
This storage is partitioned and partly duplicated throughout
V. A DECENTRALIZED LEARNING INFRASTRUCTURE the network, allowing for a shared, yet synchronized data
In the fo||owing, we rst present an overview of our tech-store. Technically, we base our storage and inter-node com-
nical infrastructure, before we describe the realization of tffaunication mechanisms on Pasiry|[19], a p2p overlay network
Distributed Noracle in more detail. We start with introducinghat provides both a messaging system as well @3HT
an exemplary usage scenario in $ec.]V-A, before we introduddistributed Hash Table) storage system. To ensure privacy,
the underlying p2p basis for distributing the communitiegecurity and data protection, we added end-to-end encryption
learning infrastructure in Se§. VB. Selc. V-C provides a form of an Envelopesystem on top of it, ensuring each
overview on the service explorer that is used by communifpessage and all data stored on the infrastructure is encrypted.
members to start and stop services. We continue with[Seg. VIDe second component a node has to integrate is the so-called
by presenting the social bot integration we use in our |ataESTfU| Web Connector. It realizes the communication to the
evaluations to guide users through the question-based dial@gtside, with the capability of routing RESTful [20] calls to
Finally, Sec[V-E describes the realization of the Distribute® application’s (gateway) interface.

Noracle with the help of these components. Our framework is capable of load balancing requests to
microservices in the entire network, may it be because the
A. Exemplary Usage Scenario service simply does not exist on the local node, or the node

is currently overloaded with requests and of oads the task
e [T RTINS 5 to other nodes in the network. Upstarting services register
: Locarwen . : . themselves to the network by calling a specic routine of

the node, which then manages their location in the distributed
=
e | |

storage for all nodes to look-up. Th&decar Pattern-likel[5]
T

Local Node Local Node

I =——
: Distributed
: Storage ...

service registration and discovery ensures that a connector
will nd the nearest service that currently is agged as being
capable of taking requests. Additionally, a blockchain-based
decentralized service registry keeps record of all running
services at all time (cf. Seg. V}C).

The communication between microservices is realized using
a Message Oriented Middlewa(®OM) [21] that is based on
the Publish & Subscribe Patter{22]. Each node registers all
e running services as subscribers to their corresponding Service

Topic . If a service wants to call another service, it performs a

Fig. 3. Exemplary usage scenario of the Distributed Noracle. remote method invocation that is sent throughout the network.

Fi h | 0 of a Distrib tA node hosting a corresponding service that receives this
ig.[3 s ows an e_xemg? ary usage scenario ot a DISWIBULEG,, ot will route it to the service, which will handle it. The
Noracle session. WhilBob’s node features the set of microser:

; ) o ' answer is then sent again in the same way throughout the
vices that realize the application .(see V-E_Dpe has network. Several timeout mechanisms and an acknowledg-
decided to start an empty node without any services runni

i Thi h | inciuding the lack Pr?ent system prevent messages with missing receiver to be
on 1L This can have several reasons, nciuding the 1ack iy arded endlessly or messages being answered by multiple
resources, bof[h in terms of computing power or, eSPeclaiirvices. By using the p2p network to enforceEaent-Driven

mf TIOb”el sett|.ngs, en_erg)Carc;]llls SOde 2'30 contains ZsetArchitecture(EDA) of microservice-based applications [23],

° d Or?ci mlgroseréncb(?s, Wdlst ave has tEOt startte V\;a e target the needs of fast-changing topologies in CoPs,
node at all and USeS0b's node 1o access e remote Wegpq e complete knowledge of the network might both not

frontend for participating in the collaborative session. e available or even desirable. Nodes can join and leave

this scenario demonstrates, our framework provides exib e network at any time, and the network keeps a persistent
access to the application with several possibilities to join of '

Local Node
Noracle
Lo Microservices

——

Distributed
Storage

Remote Web

Connector Frontend

Local Web |
. Frontend | ©

; . ) stributed storage witleventual Consistencgfollowing the
session. Depending on the currently available resources RSE model of modern cloud computing architectures [24]),

community member, our f.ramework allows t.o exibly Star[re. ardless of the current topology. Besides this, it is of course
and stop (parts of) applications on a node. This usage scen r%Sible for a microservice to implement and maintain its own

does not feature any centralized component, like a master n & I
' abase, separately of the distributed storage.
or a central URL for the Web frontend. Rather, the whole P y ¢
infrastructure is distributed among the community.
C. The Service Explorer

B. Technical Basis In a more recent addition to the framework, we implemented

The technical basis we use for this work is called decentralized service registry and discovery mechanisim [17],
las2peeri[18], an open source p2p framework for implementitaygeted at both end-users and developers, based on blockchain
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technology [25]. The requirements of this arose from ththe spaces. Thus, the most recent addition to the framework
use case described in Sec. II-B, and particularly surfaceddnd also the Distributed Noracle application is the integration
the rst pedagogical usage evaluation described later on d@f a social bot that is capable of sending messages via a chat
this contribution. Here, we had to rely on a slightly arti cialinterface to users, informing them of recent changes to the
network setup (see Sec. VI-D for more details) due to technigiaph, and possibly interesting areas worth exploring. Here we
shortcomings of our framework in both controlling whichmake use of the concept of nudging [26], by pointing users
services are available in a network, as well as how to staeot areas in the graph relevant to them, encouraging them to
them from a non-technical user perspective. produce content and also to provide relevant information to
The service registry enables both end-users and develodarslitate re ection.
to easily nd service releases, verify their origin and either |n this contribution, we use Slatkas the conversational
use remote instances or replicate the service to their own noieerface, because of its widely spread use in professional
Although most of these requirements could be solved by usisgmmunities. The messages are send daily and provide in-
some kind of central service registry, this approach has oftgmation about the community’s activity in the Distributed
major drawback: it redirects the power over the infrastructutg¢oracle within the last 24 hours. All questions mentioned in
from the community to the maintainer of this centralizethe messages are provided as links directly to the correspond-
component and thus contradicts the whole idea of decentrialg Distributed Noracle space, with only the linked question
ization. Without the ability to authorize service releases, thgitially selected, such that the user starts exploring the graph
community relies on the service registry to forward their digrom this question when clicking on a link in the bot message.
covery requests, which raises the same issues a decentralfigds is an example of the general statistics that the bot sends
infrastructure tries to tackle. To be in line with the concepb a public channel, to be seen by all participants. It starts
and preserve its advantages, las2peer’'s decentralized service
registry is governed by the whole community in terms cf_ o o s ae 1900 P
authorizing service releases and Validating service instanc " Dear Noracle Evaluaters, here's an overview of your activity over the last 24h:
Combining the completeness and time-preserving propert Questions created: 24
of a blockchain with the space-ef ciency of the DHT-base! Deepest.Path: "is belief a state of mind unrelated to proof"
distributed storage allows us to utilize the strengths of ea ~ Mostactiveuser

) ) Most controversial question: "how do we measure degrees of complication”
technology and compensate their respective weaknesses.

Most active question: "how do we measure degrees of complication”
Question with most answers: "Do you have a question?"
Most positive Question: "how do we measure degrees of complication"

Fig. 5. An exemplary general bot message, as it was send to the evaluators
during our pilot bot evaluation (cf. Sec. VI-G).

with the number of questions created, followed by the question
with the deepest path, the question that is most distant from
the seed question of the space. It is followed by the most
active user. The activity includes the creation of follow-up
guestions, relations and rating questions. The next link directs
to the most controversial question, which is the question with
the most votes in both directions (helpful/not helpful). Similar
Fi ) ) ) ﬁ%) the most active user, the message also provides the most
g. 4. Screenshot of the las2peer service explorer, currently displaying the,. . . .
Distributed Noracle application. active question which caused the most follow-ups relations
and votes. Finally, the question that caused the most follow-
From an end-user’s point of view, the outcome of this worlip questions and the question with the most positive feedback
is the service explorer, depicted in Fig. 4. This particulaare presented to the community.
example shows that the Distributed Noracle application is only
partly deployed in the network (four of six microservices run Noracle Bot APP 12:00 PM
ning remote|y in the network)’ while none of the services aj ' Hey check out how the Noracle Evaluaters reacted to your activity

) . >F ‘ the last 24h:
deployed on the node the user is accessing. This informati  Created follow-ups: 0

comes directly from the private blockchain that we host i Received follow-ups: 3
llel to th t k. Th decide t ith Most positive question: "Can you use the same evidence?"
parallel to € Network. € user can now deciae 10 el Question with most follow-ups: "Should this have anything to do with

start the two remaining services on her node or start all of t values?"

. : . : Follow-up questions to my questions: "do we have epistemological values?"
services that realize the appllcatlon IocaIIy. "Will they be biased regardless of the evidence provided ?"

Votes received: 2 (1 up, 0 undecided, 1 down)

D. Integration of S'OCIal Bots ) _ Fig. 6. A personal bot message send to an evaluator during our pilot bot
As our evaluations grew larger, also did the resultingaluation (cf. Sec. VI-G).

guestion-based dialog spaces. We identi ed the need for more
assistance for users of the tool to navigate their way throughhnttps://slack.com
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