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ABSTRACT
This PhD project proposes the theoretical and technological foun-
dations of an approach for decentralized processing of streaming
knowledge graphs, where autonomous reasoners may combine in-
dividual and collective processing of continuous data. These decen-
tralized stream processors shall be capable of sharing not only data
stream knowledge, but also processing duties, using collaboration
and negotiation protocols. Moreover, commonly agreed semantic
vocabularies will be used to address the high dynamicity of reason-
ers’ knowledge and goals. The approach proposed in this project
goes beyond previous works on stream reasoning, enabling the
self-organization and coordination among distributed stream rea-
soners, based on techniques and principles inspired by Multi-Agent
systems. On the one hand, it adds the ability to explicate processing
goals, capabilities and knowledge, while on the other it exploits
potential ways of interconnecting them in ways that expand their
combined capacity/efficacy for managing highly dynamic flows of
streaming knowledge. Through this approach, efficient local stream
processors can establish cooperative processing schemes, respect-
ing data privacy restrictions and data locality requirements through
the exchange of streaming Knowledge Graphs.

CCS CONCEPTS
• Computer systems organization → Embedded and cyber-
physical systems; Real-time system architecture; • Informa-
tion systems→ Semantic web description languages; • Soft-
ware and its engineering → Interoperability.
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1 PROBLEM STATEMENT
Data streams are increasingly used to represent highly dynamic
information in different domains, including eHealth, automation,
transportation, and energy management [18]. In these environ-
ments, the challenge of structural heterogeneity is combined with
the necessity of providing instantaneous processing and contin-
uous outcomes for high data volume and velocity. In particular,
we identify the challenge of handling data streams from virtual
and IoT devices, which are inherently decentralized and may be
distributed over geographic and organizational boundaries. Indeed,
streaming data access is often restricted due to privacy concerns
(e.g., in the healthcare domain), while local processing can also
be needed in edge devices with real-time response requirements.
Knowledge management techniques have been long used to address
heterogeneity, even though they generally lack the capability of
managing dynamic data flows in decentralized settings. Although
the area of stream reasoning has advanced towards continuous
processing of semantic streams in the last decade [17], there is
an important research gap regarding decentralized reasoning over
data streams, and even more so for organization and cooperation
mechanisms among different stream processors. Even though there
have been recent efforts towards semantization of streaming data in
the form of dynamic Knowledge Graphs [8, 21], current models and
implemented systems lack the ability to manage and reason over
rapidly changing knowledge in a highly distributed and fully decen-
tralized environment. Furthermore, stream reasoners can hardly be
combined in order to share computing duties or aggregate stream-
ing data results, given the diversity of their underlying processing
models, and their lack of orchestration capabilities.

In this PhD project we will address these challenges, and we ex-
pect the results to open new research chapters in stream reasoning
for knowledge graphs, with multiple applications specially in the
domains of IoT and eHealth. Given the necessity of isolating data
and computation due to risks in data privacy and protection, as well
as considering the decentralized nature of the Web, the approach
taken in this project is part of an increasing trend in autonomous
computation and reasoning.

2 RESEARCH APPROACH/METHODOLOGY
To address the identified problem, we will adopt an iterative re-
search approach, including the phases of planning, acting, observ-
ing, and reflecting. More specifically, we propose addressing the
project challenges from the conceptual/theoretical, architectural,
and application perspectives. The overall idea is to start extending
existing stream reasoning models with the decentralization capabili-
ties and their formalization. In particular, we will base the model on
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the definitions specified by the RSP Community Group, and the for-
malization of RDF-star [22] for streams. Afterwards, we will define
the interaction model and possible cooperation strategies, formal-
ized through agent-based protocols, such as multi-objective negoti-
ation. Then, the architectural aspects can be addressed, leading to
potential implementations that inherently include the distributed
nature of streaming Knowledge Graphs. Finally, an evaluation and
validation of this approach will be performed, considering per-
formance, expressiveness, and applicability in a real-life scenario.
Given the overwhelming importance of streaming data in the IoT
domain, we will implement a proof-of-concept in this area, more
specifically for supporting physical therapists through activity mon-
itoring devices. In this scenario, the data privacy and data locality
requirements will need to be addressed by the decentralized stream
processing solution.

3 RESEARCH SETTING
The identified research problem has led to the formulation of the
following research questions, which will be studied during the PhD.
This refers first to stream reasoning models, and How these can
be extended in order to support decentralized continuous processing of
entailments?, and What are the semantics of decentralized reasoning
performed over streaming Knowledge Graphs?. From this point it is
also pertinent to understandWhat level of expressiveness can be sup-
ported in decentralized stream reasoning tasks?. Once such a model
is defined, it is fundamental to know how stream reasoners can
interact, and understand What languages and interaction protocols
are needed in order to specify goals, behaviors, and affordances of
decentralized stream processors?. Moreover, we can study if stream
reasoners can be interconnected in order to provide coordinated rea-
soning capabilities?, and What strategies can decentralized reasoners
implement for cooperation and negotiation in stream reasoning tasks?

From a more technological perspective, it is key to understand
decentralized stream reasoning architectures, and What types
of architectures can be used to implement a framework for streaming
Knowledge Graph reasoning?, if existing stream reasoning engines
be adapted to be integrated into a distributed and decentralized rea-
soning framework?, and How can decentralized stream reasoners be
incorporated to autonomous IoT devices, to support the generation of
dynamic knowledge from personal sensor data?

Based on these research questions, we formulate the following
general objective: Study, conceive and implement a model for collabo-
rative and decentralized stream processing considering both ontology-
based and AI-based stream processors interacting through streaming
Knowledge Graphs. The specific research objectives derived form
the general one are:

O1 Study and conceive a model for decentralized stream reason-
ing over dynamic Knowledge Graphs, including the formal-
ization of its underlying semantics.

O2 Study and define a language and protocol for establishing
interactions among decentralized stream processors.

O3 Study and develop cooperation strategies and algorithms
that enable negotiation among stream reasoners to perform
coordinated tasks.

O4 Design, implement and validate an architecture for the de-
ployment of decentralized stream reasoners based on the
model and interaction protocols defined previously.

O5 Evaluate the application of the proposed architecture for de-
centralized streaming Knowledge Graphs in a Web of Things
environment, and in particular for supporting physical ther-
apy professionals as a use-case.

The fundamental novelty of our approach is embedded in the
streaming nature of highly dynamic Knowledge Graphs, which are
increasingly made available on the Web via IoT devices and social
networks. Unlike other types of Knowledge Graphs, these streams
are potentially unbounded, time-dependent, and may be produced
(and consumed) continuously at high velocity, requiring different
querying, reasoning, and interaction strategies.

4 RELATEDWORK
The project topic lies at the intersection of different areas, including
Knowledge Graphs, semantic data management, stream reasoning,
and distributed reasoning.

Knowledge Graphs. Knowledge Graphs emerged in recent years
as a flexible yet powerful paradigm for representation of informa-
tion, including rich semantics and complex relationships among
conceptual entities [19]. Different modelling approaches have been
proposed in the literature, such as property graphs, or direct edge-
labelled graphs as RDF, with a considerable level of adoption in
the industry (e.g. implementations by Google, Facebook, Amazon,
LinkedIn, among others [29]). Although most knowledge graph
technologies focus on stored and static data, approaches for han-
dling streaming graphs (e.g. RDF streams) have also been proposed,
typically limited to continuous querying [3, 10, 30].

Distributed and decentralized knowledge graphs. The availabil-
ity of Knowledge Graphs on the Web has opened a window for
enhanced interoperability and the potential for information ex-
change across disciplines and organizational boundaries. Neverthe-
less, the acknowledgment of the decentralized nature of the Web
often clashes with the typically top-down approaches for data fed-
eration [24] and integration in Knowledge Graphs [28, 34]. Up to
now, even though knowledge graphs on the Web are published in-
dependently, there is still a lack of models that allow going beyond
a traditional top-down approach to query processing and reasoning,
and even less for the case of streaming knowledge.

Stream Reasoning. The rich semantics exposed by ontologies
underlying Knowledge Graphs naturally brings the possibility of
computing entailments, following reasoning mechanisms explored,
for example in the context of Description Logics and Datalog[5].
However, when data and knowledge are highly dynamic, i.e., when
produced or generated in the form of data streams, traditional ap-
proaches like incremental reasoning need to be adapted [35]. Stream
reasoning emerged in the last decade to bridge this gap, produc-
ing a number of contributions including continuous data querying
for RDF streams [30], semantic complex event processing [1], in-
cremental maintenance of materialization [31], concurrent query
processing [26], answer-set-programming for streams [4], or online
inductive analysis [2].
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Decentralized reasoning for rapidly changing information. De-
centralized data management is a key aspect of the Web that has
not been sufficiently explored, even if it has been present since
its introduction by Tim Berners Lee [7], and further described
in his Semantic Web vision [6]. In the case of data streams, the
need for local decisions is even more relevant, as IoT and smart
devices are capable of performing stream analytics, while also re-
quiring to establish cooperation mechanisms with other devices.
In the Web of Things (WoT) domain, new specifications such as
the Things Description W3C Recommendation [13, 20] constitute a
first step towards achieving this goal, although they do not address
the question of negotiation, cooperation or self-organization, nor
the implications related to reasoning over decentralized streaming
knowledge.

5 RESEARCH APPROACH
To address the research problem and the derived research questions
the general approach will be conducted as follows.

To achieve O1 we will start with the formalization of the decen-
tralized stream reasoning model for knowledge graphs. As seen in
the literature, most of these works target streaming query federa-
tion at most, and do not address the problem of modeling reasoning
among autonomous streaming engines. The proposed novel model
will consider autonomous reasoners that may operate over knowl-
edge graphs, or even streaming ML machines exposed through
virtual RDF streams. The model is expected to extend the formal-
ization of RDF-star for streams [22], incorporating elements from
previous work on operational semantics [15], correctness [16]. This
model is expected to cover point-in time semantics for RDF graphs,
excluding temporal range semantics. Semantics will be specified
for virtual RDF stream graphs, following the principles of ontology-
based data access [10, 23]. Moreover, the model will define the
possible entailment regimes, which might differ if it is a native or
virtual RDF stream.

The definition of this model will serve then as a basis for defin-
ing interaction protocols, following O2. Interaction protocols will
specify which directives the stream reasoning agents will use to
communicate among them. For instance, they will allow the discov-
ery of stream according to their metadata (e.g., using vocabularies
for data streams [33]) or according to their affordances (e.g., Things
description [13]). Protocols will also allows indicating stream rea-
soners to join a cooperative network, or offering reasoning and
continuous query capabilities. These interaction protocols will be
inspired by agent-based primitives [9, 11], with extensions indicat-
ing stream reasoners’ affordances and capabilities [14], as well as
goals and (streaming) data needs. The protocol will also specify if
a processor produces materialized streaming entailments, or if it
produces virtual streams, generated through Streaming ML. The en-
tailment regime, ontology complexity, and expressiveness may also
be indicated, and the protocol will provide the necessary primitives
for reasoners to initiate coordinated actions.

Different strategies for stream reasoners’ interaction and cooper-
ationwill be studied and designed, in order to fulfillO3. In particular,
these protocols will use agent-based languages for specifying com-
munication primitives or BSPL [32]. These primitives will allow
establishing multi-agent negotiation patterns, e.g., using cost and

goal prediction models in order to compute potential benefits [25].
Moreover, strategies may encompass negotiations regarding the
stream velocity, the reasoning expressiveness, the notification of
results, etc. Also, processors may include computing costs and re-
quirements as part of the negotiation information (e.g., Streaming
ML training overhead, or incremental materialization complexity).
Considering the eHealth/IoT use case scenario of the project, we
will focus on negotiation criteria relevant to this domain, in which
data quality, computational and memory constraints, data privacy,
and responsiveness are of particular interest, and may guide the
self-organization decisions of stream reasoners.

6 EVALUATION PLAN
The implementation and evaluation of the aforementioned stream-
ing model, as well as the interaction protocols and strategies will
contribute to attain O4. A system for decentralized stream reason-
ing will be developed as a result, designed to cope with discovery of
new stream reasoners within a network (e.g. using semantic vocab-
ularies like Vocals [33]), It will also use the interaction protocols to
declare capabilities, affordances, goals, etc., and initiate negotiation
and coordination exchanges, thus enabling streaming knowledge
sharing, distributed processing, or establishing reasoning pipelines.
This implementation will be specifically targeted towards Web of
Things scenarios where reasoners ingest streams from smart de-
vices through virtual or materialized knowledge graphs [27]. The
implementation will include the technical evaluation and study of
optimizations for the agent-based interactions and negotiations.
Specifically, we will consider metrics relative to stream reasoning
and querying throughput, as well as agent-level goal fulfillment
after negotiation.

Finally, O5 will be achieved through a validation of our system
implementation in the context of a physical therapy environment.
To perform this validation, the team will collaborate with the Phys-
ioLab of the Institute of Health of HES-SO Valais-Wallis. Following
previous joint work in the context of physical exercise for at-risk
people at home [12], we will use a combination of wearable sensor
data streams with live IR video recording data that extracts human
skeleton movements. These measurements are used of r exercise
assessment, automatic assessment and feedback, and thus requir-
ing real-time responses, continuous processing and decentralized
management of IoT data with privacy guarantees. In this scenario,
individual stream processors may jointly coordinate based on data
observed on a single person (e.g. a balance and strength sensors),
while at higher level certain outputs may be streamed back to an-
other reasoners under control of the therapist. We will evaluate the
feasibility of the entire approach, and at a specific level evaluate
response time and feedback, as well as efficacy of the composition
of decentralized stream processors.

7 CONCLUSIONS AND REFLECTIONS
As this PhD project has just started, we are currently only at the be-
ginning of the planned work. adaptation may be needed depending
on the findings of the first iterations, as explained in the methodol-
ogy. In summary, we will continue with the described tasks, starting
with the formalization of a model for decentralized stream pro-
cessing agents, capable of coordinated reasoning over streaming
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Knowledge Graphs. Then we will study and propose an interaction
language and protocols to implement negotiation and coordination
among stream processors. Afterwards we will conceive, design and
implement a framework that follows the proposed decentralized
stream processing model, incorporating Knowledge Graphs for
both the negotiation and cooperation protocols. Moreover, we will
validate the approach and its implementation through experimental
evaluation, including both synthetic Knowledge Graph streams and
existing benchmarks for IoT and stream processing. Finally, we will
explore the impact of this approach through a proof-of-concept
implementation in the domain of eHealth for activity assessment.
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