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ABSTRACT

Soon, more data will be produced outside the cloud than inside.
This constantly increasing amount of data requires new systems
that can holistically optimize the processing for so-called sensor-
fog-cloud environments. In this tutorial, we present NebulaStream,
the first system designed specifically for this unified environment.
We highlight research challenges inherent in managing data across
a unified sensor-fog-cloud environment. After setting the scene,
we dive into NebulaStream’s architecture and system internals,
which integrate cloud, fog, and sensor networks to meet these
demands effectively. Finally, in a hands-on session, attendees can
experience NebulaStream in action, learn how to configure and run
IoT applications on the platform, and extend NebulaStream with
custom functionalities. By the end of the tutorial, attendees will
have a deeper understanding of NebulaStream and will be equipped
with helpful guides to use it as a framework to try out their own
ideas and benefit from its unique features.

1 INTRODUCTION

Over the last decade, the amount of produced data has reached
unseen magnitudes. The International Data Corporation [15] esti-
mated that by 2025, the global amount of data will reach 175 ZB
and that 30% of this data will be gathered in real-time. One primary
driver of this development is the Internet of Things (IoT). In par-
ticular, the number of IoT devices is expected to grow to as many
as 20 billion connected devices by 2025 [8]. At the same time, de-
vices such as embedded computers or mobile phones continuously
increase their processing capabilities. This trend enables exploiting
their computing and communication capabilities as they become
objects of common use. As a result, the IoT is one of the fastest
emerging trends in the area of information and communication
technology [12].

The explosion in the number of connected devices leads to the
emergence of novel data-driven applications such as traffic con-
gestion monitoring, smart street lighting, or vehicle pollution con-
trol [1]. These applications require low-latency processing, location
awareness, wide-spread geographical distribution, and real-time
data processing on potentially millions of distributed data sources
such as sensors. To enable those applications, a data management
system needs to leverage the capabilities of IoT devices. However,
today’s data management systems are not yet ready for these ap-
plications as they embrace either the cloud or the fog computing
paradigm. In particular, three main types of processing systems
have been originated. First, systems based on the cloud paradigm,
e.g., Flink [2], Spark [18], or Kafka Streams [16]. These systems
require collecting all sensor data centrally in a data center before
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applying any processing. Thus, cloud-based systems can not ex-
ploit the full capabilities of IoT devices and struggle to meet the
low-latency requirements of IoT applications. For this reason, the
centralized processing paradigm presents a bottleneck for IoT ap-
plications, which need to process data from millions of distributed
sensors. Second, systems based on the fog computing paradigm,
e.g., Frontier [13] and CSA [17], exploit the processing capabilities
of edge devices, i.e., IoT devices that are physically closer to the data
sources (sensors). These devices apply data reduction techniques,
e.g., pre-selection or pre-aggregation, to reduce data volume as
early as possible in the processing pipeline, i.e., close to the sensor.
However, fog computing systems only scale within the fog and do
not exploit the virtually unlimited resources of modern cloud infras-
tructures, such as Amazon Web Services or Microsoft Azure. Third,
data management systems for wireless sensor networks (WSNs),
e.g., TinyDB [10], exploit small battery-powered sensors and create
a network of nodes to capture physical phenomena, such as earth-
quakes or volcanic eruptions. These systems apply acquisitional
query processing techniques to optimize the execution for battery
lifetimes and deploy a small set of specialized queries. However,
WSN systems only scale within the sensor networks and do not
exploit the resources of the attached cloud and fog environments.
In particular, they do not consider offloading computation to ex-
ternal nodes and do not provide general-purpose query execution
capabilities.

In this tutorial, we present NebulaStream [19], which is the first
general-purpose, end-to-end data management system for a unified
sensor-fog-cloud environment. In Session 1 (see Section 4.1), we
highlight the research challenges we tackled and how we overcame
them. After that, we present the system internals of NebulaStream.
In Session 2 (see Section 4.2), we offer hands-on experiences on
NebulaStream. We divide this session into two parts. In the first part,
we present existing IoT use cases and show how their queries are
submitted and how those queries are processed by NebulaStream.
In the second part, we highlight how to use NebulaStream for
research. We show how easy it is to benchmark and modify the
system and highlight our extensive online documentation. Overall,
we motivate the need for a novel data management system solution
for the rising IoT and highlight current open issues and bottlenecks.
Furthermore, we reveal to the attendees how a data management
system for the sensor-fog-cloud environment differs from a data
management system for the cloud, which is the state-of-the-art
solution for emerging large and dynamic IoT applications. Then,
we provide hands-on experience on how to use NebulaStream and
incorporate one’s research and ideas.
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Figure 1: NebulaStream at a Glance.

2 ABOUT NEBULASTREAM

As a preliminary, we present NebulaStream at a glance in Figure 1
and briefly dive through the four layers (from inner to outer layer)
in the following:

IoT and Data Management: New Challenges, New Solutions. Data
management systems will face new challenges supporting IoT ap-
plications in the upcoming years. The rise of IoT requires the man-
agement of millions of diverse IoT devices spread across large areas,
continuously generating huge amounts of data. This trend enables
application scenarios with thousands of concurrent, long-running
queries, which requires efficient handling of massively distributed
data stream processing. For this reason, it is essential to combine and
leverage the strength of each individual layer in a unified sensor-fog-
cloud environment. NebulaStream addresses this by researching,
innovating, and integrating various technologies, including cloud,
fog, and sensor networks, to create this environment and facilitate
the development of current and foreseeable IoT applications.

Core Technologies. In order to tackle the challenges of the IoT,
NebulaStream is built on five core technologies. First, unified envi-
ronments are comprised of heterogeneous processing nodes, rang-
ing from resource-constrained low-end devices to powerful cloud
servers. NebulaStream supports various devices, including differ-
ent architectures (e.g., ARM, x86) and accelerators (e.g., GPUs or
DPUs). Second, NebulaStream compiles queries into highly effi-
cient hardware-tailored code, which increases hardware utilization
and significantly reduces energy consumption [7, 11]. Third, Nebu-
laStream utilizes in-network processing to leverage the available
resources inside the fog and on devices close to the sensors to
reduce the computational demands in the cloud. Fourth, by only
gathering data that is actually required by the users, NebulaStream
further reduces the amount of data that is sent to the cloud. Fifth,
to address the dynamics of the network topology, NebulaStream
does not consider operator placement a one-shot task; instead, it
adapts to changes in the query workload and the topology.

Qualities. Due to the diversity of IoT applications, NebulaStream
incorporates different qualities, e.g., efficiency qualities such as
low latency and high throughput, as well as additional relevant
concerns in the area of IoT. For instance, by exploiting the sharing
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Figure 2: NebulaStream Architecture.

opportunities of operators or reducing data transmitted over the
network, NebulaStream can reduce the energy consumption of
worker nodes. Thus, it can extend the lifetime of battery-powered
devices. Other qualities of concern are load reduction and coping
with a volatile environment.

Application Impact. As a result of our current research, we have
employed NebulaStream to build IoT applications in several re-
search projects, where we explored the challenges that arise with
the IoT and the system itself. Examples of these applications are
smart water meter monitoring, audio/video surveillance, ECG moni-
toring, and motorbike tuning in ELEGANT"; predictive quality con-
trol in ExXDRA? [3]; and hospital ICU monitoring in RIDIMP? [21]
and NEEDMI [9].

3 NEBULA STREAM ARCHITECTURE

In the following, we introduce some key concepts and details of the
NebulaStream architecture, focusing on the components relevant to
our tutorial. For more detailed descriptions, we refer the attendees
to the following papers [14, 19, 20]. We present the NebulaStream
architecture in Figure 2. In general, NebulaStream is designed with
a centralized manager and decentralized executors that leverage
resources attached to the arbitrary hierarchical topology of a unified
sensor-fog-cloud environment.

The NebulaStream topology consists of two types of nodes: co-
ordinator and worker. The central component orchestrating and
managing decentralized query processing and serving management
requests is the coordinator (1). Users can interact with Nebula-
Stream via our NebulaStream UI, Java, Python, or a REST client to
submit queries, configure the topology, or add new sources over a
REST interface @ Upon the arrival of a new query, the coordinator
uses the parser to compute logical query plans and the validator
to perform semantic and syntactic validation of the queries @
The initial query plans go through the optimizer @ for further
optimizations as the next step. This essential component applies
rewrite rules to generate an optimized query plan to reduce data
transfer and remove redundant operations. Additionally, the opti-
mizer creates a global query plan leveraging the sharing potentials
among newly arriving and already running queries [6]. In the end,
the optimizer performs the query placement optimization utilizing
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information from the topology catalog, such as neighboring nodes
and resource availability, and creates the query execution plan [5].
This execution plan consists of the mapping of query plans to the
physical location where their processing needs to be scheduled.
The coordinator maintains a catalog of registered workers, queries,
and data sources that can be analyzed by the system @ The co-
ordinator explores this catalog during the orchestration of newly
arriving queries. The monitoring component [4] keeps track of
running queries, collects statistics, and health checks registered
workers to continuously update the catalog @ In the end, the
coordinator deploys query plans from the execution plan using the
RPC interface to the geo-distributed workers .

The geo-distributed workers act as the compute nodes in Neb-
ulasStream @ These nodes receive the optimized logical plans
from the coordinator and use the compiler [7] to generate highly
optimized machine code @ The worker then computes tasks us-
ing the generated code and schedules them for processing in its
execution engine . The execution engine uses a work-stealing
model to efficiently and concurrently process all scheduled tasks.
Some workers can also act as data source providers by connecting
to external systems to generate tuples for processing. To this end,
workers support consuming data from heterogeneous sources (e.g.,
MQTT, OPC, Kafka) using embedded connectors
ers use ZeroMQ to transmit data among each other and ultimately
@. Overall, the
coordinator optimizes, orchestrates, and manages the lifecycle of
running queries, and workers efficiently process data by generating
hardware-tuned code for deployed queries.

. These work-

deliver the processed data to the cloud data center

4 TUTORIAL OUTLINE AND CONTEXT

Duration and Target Audience. We divide the NebulaStream tu-
torial into two 90-minute sessions, with each two parts of approxi-
mately 45 minutes. With this tutorial, we reach out to a broad target
audience, including computer scientists, researchers, and software
developers with a background or interest in system engineering,
stream processing, and the challenges of the IoT. The sessions will
be largely self-contained for a stream-processing audience. In Sec-
tion 2 and 3, we provide preliminaries and refer to helpful literature
for attendees unfamiliar with stream processing and their archi-
tecture. Additionally, we provide tutorials and guides that cover
the content of Session 2 in the documentation section on the Nebu-
laStream website?. Furthermore, experience with object-oriented
programming is a plus for the second part of Session 2.

In the reminder, we outline the content of each session. In par-
ticular, Session 1 (see Section 4.1) is dedicated to getting to the
introduction to data management for the IoT and NebulaStream
internals. In Session 2, we guide the attendees through hands-on
examples of using NebulaStream as an end-user and as a developer
or researcher (see Section 4.2).

4.1 Session 1: Data Management for the IoT and
NebulaStream Internals

In this session, attendees are getting to know sensor-fog-cloud
environment and NebulaStream.

4https://nebula.stream
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In the first part, we will introduce the sensor-fog-cloud environ-
ment as a new processing environment for the future and outline
how it differs from today’s dominant cloud environment. We then
present the challenges that arise in this new environment and early
approaches how to address them. We will use existing and new
slides to present the content. After this part, attendees should be
aware of the state of the art in this area and open research questions.

In the second part, we will introduce NebulaStream and its archi-
tecture, as well as its unique features. We will highlight the overall
system architecture and current proposals to address current re-
search challenges. We will use existing slides that were used and
refined many times in our university courses. After this part, atten-
dees will be aware of the underlying architecture of NebulaStream
and its unique capabilities.

4.2 Session 2: Hands-on NebulaStream

In this session, attendees will learn how to use NebulaStream. To
this end, over the entire session, several members of the NebulaS-
tream team will be present to assist the attendees. The session is
structured in two parts:

In the first part, we will present NebulaStream from an end-user
perspective and show how to configure it and run applications on it.
We will first show how to download a binary NebulaStream image,
configure sensor sources and the network, and run NebulaStream
inside a Docker container. Then, we will provide a set of real-world
workloads to showcase how to run NebulaStream queries. We will
use these workloads as application-based scenarios to explore the
capabilities of NebulaStream as a stream processing system. These
applications cover a wide range of workloads such as ETL, join,
aggregation, etc. Furthermore, we show the capabilities of NebulaS-
tream’s graphical user interface and how it can be used to execute
queries, display the topology, and visualize the results using plots.
Finally, we outline how existing workloads on other SPEs, such
as Apache Flink, can be migrated to NebulaStream and how they
benefit from its unique features. We will use the current code of
NebulaStream, our documentation, and workloads generated by
several projects.

In the second part, we will present NebulaStream from the per-
spective of a developer or researcher. To this end, we will show the
attendees how to implement and run benchmarks in NebulaStream
in order to compare its performance with other systems. Then, we
will show how to modify operators to perform customized process-
ing easily. In particular, we will highlight the usage of our novel
Nautilus Compiler [7] that allows us to write and debug interpreted
code while at the same time achieve the same performance as com-
piled code. Additionally, we have created six implementation guides
as part of this tutorial that attendees can run independently after
this session. In particular, we provide the following step-by-step
implementation guides, all available in the developer guides on our
website?: (1) How to add a new operator? (2) How to add a new
expression? (3) How to add a new query rewrite rule to the query
optimizer in order to manipulate the query plan? (4) How to add a
new source? (5) How to add a new operator placement algorithm?
(6) How to add a new query to the NebulaStream benchmarking
framework?



After this session, attendees will have a deeper understanding of
how to integrate their own work with NebulaStream and will have
everything they need to either use NebulaStream to solve their IoT
use cases or extend it with their own research ideas. Again, several
members of the NebulaStream team will be present throughout the
session to assist participants.

5 BIOGRAPHICAL SKETCHES OF
PRESENTERS AND AUTHORS

NebulaStream is currently under development by an active team of
researchers at TU Berlin, BIFOLD, and DFKI GmbH, led by Volker
MarKl as head of the DIMA research group and BIFOLD director.
In the following, we introduce the five presenters by session:

Session 1, Part 1: Steffen Zeuch has been a Senior Researcher
at DIMA since 2017 and is the project lead and system architect
of the NebulaStream project. He has been conducting research on
modern hardware, 10T, and streaming, published at international
venues, such as SIGMOD or VLDB.

Session 1, Part 2: Ankit Chaudhary has been a PhD student at
DIMA since 2019. He has been conducting research on distributed
stream processing systems and query optimization with a focus on
performing multi-query optimization, query placement, and adap-
tive query optimization in distributed stream processing systems.

Session 2, Part 1: Viktor Rosenfeld has been a Post-Doc at
DIMA since 2023. Before, he was a PhD student at DIMA, working
on data processing on modern hardware and heterogeneous sys-
tems, e.g., containing CPUs and GPUs, as well as data processing in
heterogeneous programming language environments. He has man-
aged the integration of NebulaStream in the EU research project
ELEGANT and has worked on supporting user-defined functions
in NebulaStream

Taha Tekdogan has been a PhD student at DIMA since 2023.
His current focus is the benchmarking and performance evaluation
of distributed stream data processing systems for heterogeneous
environments.

Session 2, Part 2: Adrian Michalke has been a PhD student at
DIMA and the BIFOLD Graduate School since 2022. He is research-
ing the management of historic stream data.

Ariane Ziehn has been a PhD student at DIMA since 2020,
focusing her research on the intersection of stream and complex
event processing for unified fog-cloud environments and stream
processing optimization.

Matthis Gordel is a Master’s student at TU Berlin and a student
assistant at DIMA since 2024.

All authors belong to the team of the NebulaStream project and
will be present during Session 2 to support attendees.
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