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I. MOTIVATION

This thesis is motivated by the challenge of effectively uti-
lizing real-time sensor data in the IoT. The imbalance between
vast data volumes and users’ time-sensitive needs necessitates
a shift from simplistic cloud-based approaches. The rise of
IoT expose this issue, prompting the exploration of Fog/Edge
Computing paradigms. This thesis seeks to leverage semantic
technologies to enable autonomous, cooperative sensing at
network edges, enhancing data discovery and exchange amidst
sensor data heterogeneity. The fusion of Fog/Edge computing
and semantics holds the promise of optimizing information
processing in dynamic sensor environments.

II. RESEARCH QUESTIONS AND OBJECTIVES
A. Problem Statement

In a centralized IoT system model, Edge devices primarily
collect data but often remain idle, resulting in resource wastage
and several issues:

a) The incorporate of sensors: Data collected from di-
verse sensors is stored and transmitted individually, reducing
reliability due to uncertainty and inaccuracy [1].

b) Sensing Operations: Regular IoT systems trigger data
collection either continuously or on fixed schedules, causing
redundancy or missing data. Basic raw data storage leads
to memory and resource redundancy, while complex data
processing on the cloud requires excessive time and resources.

c) Cooperative Optimization: Inadequate communica-
tion among independent Edge devices results in inefficient re-
source utilization, bandwidth wastage, and sub-optimal system
performance. [2]

All the problems and challenges above lead to the following
research questions need to be addressed:

e Sensor Data Integration: How can multiple sensors and
their data be effectively integrated to ensure sufficient and
reliable data?

« Efficient Edge Processing: What optimized methods can
be implemented on Edge devices for stream data process-
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ing, storage, and querying, along with enhancing system
efficiency?

o Cooperative Sensing Integration: What techniques can
be developed to enable Edge devices to collaborate
effectively, optimizing resource utilization and system
performance?

B. Objectives

To address the above problem, I propose to build a general
solution for the IoT system which will support solving all the
above problems so-called ”Cooperative sensing with semantic
stream processing” with a clear and concise approach:

a) Pushing Sensor Fusions to The edges: Develop a sen-
sor fusion approach optimized for Edge devices. This method
will enhance data accuracy by combining inputs from multiple
sensors, reducing latency, and minimizing unnecessary data
transmission.

b) Federating Multi-modal Sensing Operations: Design
intelligent data collection techniques for improved efficiency.
Implement selective, event-triggered data collection to mini-
mize unnecessary sensor operations. Utilize standardized data
formats for stream storage and retrieval. Employ compression
methods to reduce storage requirements and facilitate quick
data processing. Optimize data transfer by responding only to
server requests and queries.

c) Cooperative Optimization: Maximizing cooperative
capabilities among Edge devices. Establish interconnected
Edge systems that leverage the strengths of each device,
enhancing overall system performance while making the most
of available resources.

III. METHODOLOGY

To address the research questions and achieve the objectives,
I have proposed a design for a declarative programming
model for ROS, incorporating Semantic Stream Reasoning and
Knowledge Graph in [3]. This design is illustrated in Figure 1,
and the thesis will be divided into three interrelated research
tasks.

A. Pushing Sensor Fusions to The Edges.

The semantic stream model is a recursive model that allows
processing agents to delegate data fusion subtasks to connected
edge devices. The agent can do this by sending continuous
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Fig. 1. Proposed architecture: a declarative programming model for ROS with
Semantic Stream Reasoning and Knowledge Graph

queries to the edge devices, which will reactively stream
back the outputs to the agent. The delegation mechanism can
propagate recursively to any edge devices that are connected
to the agent’s communication graph. This can improve the
performance and efficiency of the data fusion process [4].

In my thesis, I aim to implement and optimize for sen-
sor fusion tasks such as Semantic SLAM and multi-camera
objects tracking. Semantic SLAM tasks require input data
from many sensors, such as cameras, lidars, GPS/IMUs, and
others [5].Multi-camera object tracking is the task of tracking
the movement of objects across multiple scenes using video
streams from different cameras. The sensors from these tasks
generate a vast amount of data which can put a strain on the
bandwidth. Pushing sensor fusion to the edge can reduce the
latency of the results, the bandwidth requirements, and the
security risks. I have addressed the initial works on these tasks
in the paper, [2] and [3]

B. Federating Multi-modal Sensing Operations.

This task aims to automate the continuous data fusion
pipelines by leveraging logical reasoning in conjunction with
statistical inference. The task will focus on using ontologies
and knowledge graphs to find data elements required to answer
a query, and then employ the logic reasoning capabilities to
generate the continuous discovery pipelines needed to find
candidate stream sources in lower modalities in order to fuse
data at a higher abstraction level. The missing pieces between
the two connected modality levels will be filled with the
statistical inference through trained models.

The ontology shown in Figure 2 is an extend of the standard-
ized Semantic Sensor Network Ontology (SSN) [6] to capture
sensor readings, communication messages and intermediate
processing states across ROS nodes. Such an extension can
include various vocabularies to specify the semantics of cam-
era sensors, video frames, and tensors. This ontology have
been intially proposed in the SemRob platform [3], a platform
that facilitate semantic stream reasoning (SSR) [7] capabilities
on a robotic operating system (ROS) [8]

C. Cooperative Optimization.

This task aims to investigate novel techniques and mecha-
nisms to optimize federated data execution flows. This is done
by developing a context-aware optimization framework that
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Fig. 2. Abstraction of Sensory Streams with the standardized Semantic Sensor
Network Ontology

can take into account the dynamic changes in the environment,
developing techniques to link interesting properties to the
semantic descriptions of the edge devices and their stored data,
and developing techniques to identify the hardware resource
bottlenecks in modern machines and use the trade-offs between
the hardware resources more productively.

To achieve this task, as demonstrated in my paper [2], we
proposed an approach that involves pushing the computing
operations closer to the video stream sources for the multi-
camera objects tracking task. Our demonstration showed that
edge devices can significantly alleviate the bottleneck of the
centralized server in dealing with distributed video streams.

IV. EXPECTED CONTRIBUTIONS

The thesis’ expected contributions resolve around new algo-
rithms, tools and methods that can overcome the current limi-
tations of using semantic technologies in IoT applications like
connected vehicles, Industry 4.0, Robotics including i) new
breed of sensor fusion algorithms for edge devices; ii) novel
federating mechanisms for sensor fusion driven by knowledge
graph; iii) novel techniques and mechanism for cooperatively
optimizing edge swarm intelligence. Such contributions will be
validated on use cases of EU and DFG projects, SmartEdge,
AloTwin and COSMO.
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