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Abstract

Dataflow Process Networks (DPNs) work with available
tokens. Depending on the number of tokens available,
actors can consume the tokens and create new output
tokens from them if there are a sufficient number of in-
put tokens. In theoretical models, an infinite number of
available actors can be assumed. However, in real sys-
tems, there are significantly fewer execution units, such
as CPU cores, than actors, resulting in communication
overhead that must be managed among a finite num-
ber of actors. Therefore, efforts are made to reduce the
number of actors. Additionally, it is crucial to establish
a process that can be automated. To handle the limi-
tations of finite resources, a strategy for actor merging
is applied, whereby multiple actors are combined into
larger entities. This introduces new challenges. For
instance, merging actors can result in tokens that are
generated but remain within the larger "meta-actor,"
or tokens that are left unconsumed within a single itera-
tion. In such cases, merging is not feasible unless trans-
formations of state variables, additional guard condi-
tions, or feedback loops are applied. The objective of
this work is to address these challenges, focusing on
the internal token buffering required for actor merg-
ing. The actors are modelled in the CAL programming
language, and the work logically explains the condi-
tions under which actor merging is achievable and can
be comprehensibly proven. Additionally, templates are
developed for actor merging that utilize token buffering
mechanisms, aiming to standardize and further auto-
mate the merging process.
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Zusammenfassung

Datenfluss-Prozessnetze (DPNs) arbeiten mit verfüg-
baren Token. Je nach Anzahl der verfügbaren Token
können die Akteure die Token verbrauchen und daraus
neue Output-Token erzeugen, wenn eine ausreichende
Anzahl von Input-Token vorhanden ist. In theoretis-
chen Modellen kann von einer unendlichen Anzahl von
verfügbaren Akteuren ausgegangen werden. In realen
Systemen gibt es jedoch deutlich weniger Ausführung-
seinheiten, wie z. B. CPU-Kerne, als Akteure, was zu
einem Kommunikations-Overhead führt, der zwischen
einer endlichen Anzahl von Akteuren verwaltet werden
muss. Daher wird versucht, die Anzahl der Akteure
zu reduzieren. Darüber hinaus ist es von entschei-
dender Bedeutung, einen Prozess zu etablieren, der
automatisiert werden kann. Um mit den begrenzten
Ressourcen umzugehen, wird eine Strategie zur Zusam-
menlegung von Akteuren angewandt, bei der mehrere
Akteure zu größeren Einheiten zusammengefasst wer-
den. Dies bringt neue Herausforderungen mit sich. So
kann die Zusammenlegung von Akteuren dazu führen,
dass Token erzeugt werden, aber im größeren „Meta-
Aktor“ verbleiben, oder dass Token innerhalb einer
einzigen Iteration nicht verbraucht werden. In solchen
Fällen ist eine Verschmelzung nicht durchführbar, es sei
denn, es werden Transformationen von Zustandsvari-
ablen, zusätzliche Schutzbedingungen oder Rückkop-
plungsschleifen angewendet. Das Ziel dieser Arbeit
ist es, diese Herausforderungen anzugehen, wobei der
Schwerpunkt auf der internen Token-Pufferung liegt,
die für die Zusammenführung von Akteuren erforder-
lich ist.
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1. Introduction

Parallelisation is playing an increasingly important role in the development
of ever more powerful computer systems. This is due to the fact that the
electrical-physical limits with regard to the miniaturisation of components
have already been largely reached. For this reason, hardly any single-core,
high-clocked processors are manufactured today. Instead, modern computer
architecture is increasingly focussing on processors that are able to work in
parallel with several cores or computing units simultaneously. This develop-
ment has become clear in recent years: processors have evolved from simple
single-core designs through quad-core and octa-core processors to hexa-core
processors. These multi-core processors usually consist of different comput-
ing units, each with different characteristics and strengths. This architectural
change makes it possible to further increase the performance of processors
without having to accept losses in terms of energy efficiency, which is of con-
siderable interest in today’s world. As neither the clock frequency nor the
supply voltage need to be increased significantly, power consumption remains
constant while performance per watt can be further increased. From a hard-
ware perspective, parallelisation is therefore often not a problem. The real
challenge lies in the lack of support from the software, which is often unable
to fully utilise the potential of the hardware. Much of today’s software is still
designed to process tasks sequentially. This sequential processing means that
multicore processors cannot be utilised efficiently and their actual performance
is not fully exploited. In some cases, this can even lead to a reduction in ac-
tual performance compared to single-core processors due to the lower clock
frequency and lower supply voltage per core in multicore processors.
Looking at modern programming languages, it is noticeable that they are still
manly based on a sequential Model of Computation (MoC) despite the hard-
ware development. An MoC describes when and how operations are executed,
how communication between these operations takes place and how concurrent
tasks are synchronised.
However, it can be seen that the software development sector is gradually
adapting to this change. More and more applications are being developed to
utilise multiple cores, for example by defining multiple threads. However, the
underlying MoCs are still mainly sequential, which leads to new challenges.
In particular, the use of multiple cores leads to new types of errors. For exam-
ple, problems can occur when shared memory is not synchronised correctly or
when concurrent tasks are managed incorrectly. Such errors are often difficult
to identify, fix or even reproduce, as the sequence of competing tasks is not
always deterministic. This problem significantly increases the complexity and
vulnerability to errors in software development. [29] Against this background,

1



Chapter 1: Introduction

the exclusive use of sequential MoCs does not appear to be optimal. Fortu-
nately, there are alternative MoCs that address this problem, such as Dataflow
Process Networks (DPNs) [31], [33], [40], [7]. DPNs naturally support the use
of multiple concurrent tasks and are therefore particularly suitable for mod-
elling distributed parallel systems.
DPNs work with processes that communicate with each other via FIFO buffers.
These FIFO buffers are the only means of communication between the pro-
cesses and decouple them from each other. This decoupling enables the si-
multaneous execution of the processes. At the same time, frequent sources
of error, such as uncontrolled access to shared resources without appropriate
synchronisation, are avoided. [29]
A programming language based on this MoC is the CAL Actor Language
(CAL) [16]. With CAL, it is possible to specify data flow actors using com-
mon language constructs such as if statements, while and foreach loops and
functions. This makes it possible to model parallel systems at a higher level of
abstraction and at the same time reduce sources of error that could arise due
to insufficient synchronisation. In CAL, programmes are described as networks
of actors that work independently of each other and only communicate with
each other via specified channels. These communication channels are realised
by so-called FIFO buffers (First-In, First-Out), which exchange data packets -
also known as tokens - between the actors. A major advantage of this approach
is that each of these actors can theoretically act independently of the others.
This means that each actor in a multicore system could be executed on its
own processor core. This would be an ideal use case for modern multi-core
processors, as the parallel execution of the actors could achieve a significant
increase in performance.
Although this approach seems optimal in theory, there are significant limita-
tions in practice. Most modern multicore processors have a limited number of
cores, usually a maximum of 16 cores, even with powerful processors. However,
CAL programmes often consist of far more actors than the actual number of
processor cores available. For example, if a programme consists of 100 actors
but only 16 processor cores are available, then several actors must be assigned
to a single core. This inevitably leads to split execution of the actors, which
means that the potential of parallelisation is not fully exploited. A sensible
assignment of the actors to the cores (scheduling) is therefore a complex chal-
lenge. This scheduling requires additional management tasks by the operating
system or the runtime environment, which can lead to additional delays.
Another significant problem arises from the way in which the actors communi-
cate with each other. Data is exchanged between the actors via FIFO buffers,
in which the tokens are temporarily stored until they can be processed by an-
other actor.
In principle, writing and reading these tokens from the FIFO buffers is nothing
more than a memory access that can involve both the main memory (RAM)
and the processor’s cache. As modern processors have extremely high clock
rates and achieve their performance through fast access to data in the cache,
slow memory accesses can lead to considerable performance losses .[15]
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A simple example illustrates this: When an actor creates a token and writes
it to the FIFO buffer, this operation is written to memory. If another actor
reads this token from the buffer again, a memory access must take place that
may not be cached. This can lead to delays, as memory accesses to the RAM
are many times slower than accesses to the cache.
In fact, in extreme cases, such memory accesses can slow down the system by a
factor of 100 or more. This means that even if the underlying hardware model
is theoretically capable of running multiple actors in parallel, performance is
significantly impacted by slow memory accesses.
The problems described above can be addressed by adapting the number of
actors in a CAL programme to the actual number of processor cores available
in the respective system. Instead of executing each actor on a separate core,
which is not possible in real systems with a limited number of cores, a tech-
nique is used in which several actors are combined into so-called meta-actors.
The concept of merging actors into meta-actors is based on the idea of com-
bining several interacting actors into larger units that can be executed as in-
dividual units on a single processor core. This method offers several decisive
advantages. Firstly, it enables optimum utilisation of the processor cores. By
reducing the number of actors to be processed to a number that corresponds to
the available processor cores, the hardware can be utilised in the best possible
way. Each meta-actor is assigned to a single core, which maximises paralleli-
sation.
Another advantage is the reduction in memory accesses. As the originally
separate actors are now combined within one meta-actor, the majority of com-
munication takes place locally. This means that data exchanged between actors
no longer has to be written and read via external FIFO buffers. Instead, pro-
cessing takes place directly in the internal memory of the meta-actor, which
significantly reduces the need for slow memory accesses.
These improvements lead directly to increased performance and runtime. As
fewer memory accesses are required, not only does the speed of the calcula-
tions increase, but also the energy efficiency of the system. Memory accesses
are very energy-intensive compared to pure computing operations. The more
efficient utilisation of the hardware means that more computing power per watt
is available, which is particularly important for energy-efficient applications.
In this thesis, an algorithm is developed that automates the method of merg-
ing actors described in chapter 5. The algorithm is able to merge actors pro-
grammed with CAL into a small number of meta-actors. This is achieved
through the use of internal token buffering, which means that the tokens that
are normally stored in external FIFO buffers are now stored directly in the
memory area of the meta-actor. Following the presentation of the algorithm, its
functionality is tested using various benchmarks to ensure that the algorithm
works correctly (see section 6). Finally, measurement results are presented that
illustrate the performance of the algorithm. These measurement results show
that the merged network of meta-actors offers a significant speed advantage
over the original network of individual actors (see chapter 6.3). The presented
algorithm thus represents a promising method for significantly improving the
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performance and efficiency of CAL programmes on multicore processors.

1.1. Contribution

This paper presents a novel algorithm that aims to efficiently merge multiple
actors of a CAL programme into a single meta-actor. The developed algorithm
differs fundamentally from existing approaches as it introduces replacement
buffers within the meta-actor to enable communication between the merged ac-
tors. These replacement buffers are treated as internal data structures, which
results in the previously external FIFO buffers being transferred to a more effi-
cient, internal memory management. In this thesis, the algorithm is described
and implemented in detail. Firstly, its correctness is checked in detail to en-
sure that the functionality of the original CAL programme is not impaired by
the merging of the actors. This includes analysing the correct processing and
forwarding of data as well as the consistent maintenance of the internal FIFO
buffers within the meta-actor. This is followed by a comprehensive evaluation
of the algorithm using the well-known benchmark orc-apps, which has estab-
lished itself as a standard tool for evaluating performance improvements. This
shows how the new algorithm can achieve significant runtime improvements.
The performance advantages result from the reduction of external memory ac-
cesses and the optimised use of multi-core processors by efficiently combining
several actors into a single, powerful meta-actor. Finally, the measurement
results illustrate the potential of this approach for optimising CAL programs,
particularly with regard to more efficient resource utilisation and increased
computing power.

1.2. Outline

This thesis examines the optimisation of dataflow networks and their imple-
mentation in the CAL programming language. Chapter 2.1 explains the con-
cept of DPNs and compares them with Petri nets to illustrate their modelling
capabilities. The next section 2.2 looks at Kahn Process Networks as the basis
for dataflow programming and compares them with other dataflow program-
ming languages. Chapter 2.5 introduces the CAL Actor Language, including
its language constructs, data types and control structures. The various action
types and their syntax are also described in detail. Chapter 4 describes the
repeat Actor Merging (RAM) developed by Krebs and Schneider, before chap-
ter 5 covers the main topic of this thesis, Actor Merging with buffering. Here,
the algorithm for merging actors is presented, taking into account states, guard
conditions and input/output ports, and illustrated using an example. The cen-
tral topic is actor merging chapter 5), in which actors are merged to optimise
data flow networks. The prerequisites for a successful merging are explained,
including FSM transformations and the handling of guard conditions. Finally,
chapter 6 compares the proposed method with RAM and discusses their advan-
tages and disadvantages. The conclusion in chapter 8 summarises the results
and gives an outlook on possible future research work.
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2. Preliminaries

2.1. Dataflow Process Networks

Dataflow Process Networks [31], [33], [40], [7] are a model for representing cal-
culations in distributed parallel systems. As a model of computation (MoC),
DPNs are characterised by the fact that computations can take place imme-
diately when the required input data is available. This means that no global
control or synchronisation is required, which makes them particularly suitable
for parallel and distributed systems. Basically, DPNs consist of a finite num-
ber of processes (or agents) that are connected to each other via FIFO buffers.
These buffers serve as a communication mechanism between processes and en-
able asynchronous data processing. As the FIFO buffers work independently
of the arrival and departure times of the data, communication between the
processes is completely decoupled (see figure 2.1). [49] A key feature of DPNs
is that each FIFO buffer has exactly one producer and one consumer process.
This establishes point-to-point communication in which each process performs
its calculations independently of the other processes. This approach makes it
possible for processes to be activated as soon as sufficient data is available in
their input buffers - a process known as firing.

Node A Node B Node C

Node D Node E

Figure 2.1.: Example of a DPN with buffers.

The behaviour of processes is defined by so-called firing rules (see figure 2.1).
These determine when a process may fire, based on the availability and suit-
ability of the input data. It is worth noting that DPNs have no restrictions in
terms of the programming languages with which the individual processes are
implemented. The FIFO buffers are theoretically infinite in size, which means
that producer processes can write data at any time, while consumer processes
can only read data if it is actually present in the buffer. If a buffer is empty,
the consumer process must wait until new data arrives.
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Chapter 2: Preliminaries

One problem that arises with this type of system is how to deal with missing
data. As FIFO buffers are considered infinite, limiting the buffer size leads to
unwanted synchronisation between processes, which in turn would compromise
the asynchronous principle of DPNs.
In implementations, a distinction is often made between two basic variants of
data processing:
Input/Data Driven Computation: In this method, the calculation is triggered
by newly produced data values. As soon as a new data value arrives in a buffer,
it is checked whether the process that is to consume this data can become ac-
tive. The calculation is therefore triggered directly by the data itself - every
data production exerts pressure on the consumer processes.
Output/Demand Driven Computation: Here, the computation is driven by the
need for specific output data. When a process requires a data value, this pro-
cess actively pulls the required data from its input buffer. This approach is also
known as a pull-based model, as the demand for data drives the calculation.
It can be shown that these two styles are equivalent [50], [43], [44], [19], [37]
and correspond conceptually to the lazy/eager evaluation of functional pro-
grammes.

i1 i2 b1
a::A b::B a*b

Table 2.1.: Firing rules example with input channels i1, i2, and output channel b1.

2.1.1. Synchronous and Asynchronous DPNs

DPNs are typically designed for asynchronous computation, as the processes
can be executed independently of each other as soon as the input data is ready.
This means that the processes in a DPN do not necessarily have to be executed
at fixed times or in a fixed rhythm. In practice, this leads to a high degree
of flexibility, but also to more complex requirements in terms of synchronisa-
tion and modelling of the processes. Nevertheless, there are special variants
of DPNs that enable synchronous behaviour and facilitate their use in certain
applications.

Synchronous/Static DPNs

A fundamental extension of DPNs is the concept of synchronous or static
DPNs. In this model, the processes work according to a fixed, periodic sched-
ule. Each process is executed several times within this schedule, whereby the
number of executions and the buffer sizes for the input and output data can
be determined statically. This means that the number of messages exchanged
between the processes and the size of the buffers are determined in advance.
This is particularly advantageous in embedded systems or real-time applica-
tions where deterministic execution is required. Synchronous behaviour leads
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2.2. Dataflow Programming Languages

to better predictability and easier analysis as the flow of data and computa-
tions are periodic and fixed.
In a synchronous dataflow network (SDF), the process of firing (executing a
process or function) is performed at fixed times, with each process requiring a
fixed number of input values and producing a fixed number of output values
in each cycle. The advantage of this model is that it is easier to analyse and
implement, especially for applications where a constant rate of data processing
is required [46], [34], [39].

Cyclo-Static DPNs

The extension of static DPNs is the Cyclo-Static Dataflow Model (CSDF),
which further refines the periodicity of the behaviour of processes. While in
static DPNs the processes fire at fixed, periodic times and their functionality
remains constant over time, CSDF allows the behaviour of a process to change
periodically while it continues to fire in a cyclic pattern. This means that the
process can process different inputs or perform different calculations depending
on the cycle. This opens up new possibilities for modelling dynamic processes
that are not entirely reliant on continuous change. Instead, the behaviour can
be repeated within a fixed cycle. For example, a signal processing process
that uses different algorithms at different stages could be modelled in a CSDF
model by using different parameters or algorithms within a cycle. This type
of modelling is useful in many practical applications, such as communication
technology or image processing, where the nature of the processing can change
over the course of a cycle without disturbing the overall continuity. A major
advantage of CSDF is that it provides the flexibility to model the behaviour
of processes that can generally be considered ‘cyclic’, while still allowing static
analysis of SDF networks. This means that many of the same planning and
optimisation techniques developed for SDFs can also be applied to CSDF net-
works. For example, CSDF networks can be efficiently planned and optimised
using techniques such as static data flow analysis and cyclic reduction, result-
ing in significant performance gains. Switching to CSDF networks also allows
for greater flexibility in the way resources are allocated in a system. An exam-
ple of this is the ability to use different algorithms or parameters in different
cycles, which is beneficial when modelling systems with variable computing
power or bandwidth requirements. [46], [34], [39]

2.2. Dataflow Programming Languages

Dataflow Graphs and DPNs serve as foundational Models of Computation for
certain programming paradigms. Historically, dataflow programming was pri-
marily used for graphical programming approaches [26] or for programming
dataflow architectures. These implementations often relied on pure dataflow
graphs, where each operation or function was represented as an independent
actor. However, this method proved inefficient for sequential sections of pro-
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grams. Mapping these sections onto physical machines incurred significant
overhead due to the requirement for frequent communication and scheduling
decisions. Specifically, after each actor’s execution, tokens needed to be trans-
ferred to subsequent functions, and new scheduling decisions were made—even
when the execution order was already well-defined. Such inefficiencies were
particularly pronounced on von Neumann architectures, which are optimized
for sequential execution and support parallelism primarily through limited mul-
tithreading. [51], [4], [29]

To address these challenges, dataflow programming evolved from employing
fine-grained parallelism with nodes representing individual functions to nodes
representing entire processes, as seen in DPNs [4]. By grouping sequential
blocks into single actors, this approach reduced the number of actors requiring
scheduling and minimized communication overhead. This shift also leveraged
the growing parallelism capabilities of von Neumann machines, which can exe-
cute increasing numbers of threads in parallel, further improving the efficiency
of dataflow programs. [29]

Initially, von Neumann architectures were deemed unsuitable for execut-
ing dataflow graphs [26], however advancements in multithreading and co-
ordination mechanisms have rendered the Dataflow MoC more compatible
with such systems. This compatibility arises from the separation of compu-
tation and coordination, whereby the computational aspects are encapsulated
within dataflow actors and specified using a host language [38].Conversely, the
scheduling and communication mechanisms are defined using a coordination
language. [20]

Modern dataflow programming implementations that utilise DPNs include
the CAL Actor Language and its derivative, the Reconfigurable Video Coding
CAL Actor Language (RVC-CAL). These languages demonstrate the capac-
ity of dataflow MoCs to efficiently integrate computational and coordination
elements, thereby leveraging the strengths of von Neumann architectures. [29]

2.3. Kahn Process Networks

Kahn Process Networks [27], [28], [21], introduced by Gilles Kahn, expanded
on the concept of DPNs by establishing conditions for determinacy even in
the presence of feedback loops. Kahn demonstrated that determinacy is only
guaranteed when process nodes exhibit restricted behaviors, particularly by
performing blocking reads and disallowing emptiness checks on FIFOs. If an
input buffer is empty, the consumer node must wait until data becomes avail-
able. This blocking-read mechanism ensures that processes produce consistent
outputs regardless of the execution order, as long as the input data remains
the same.
Furthermore, Kahn formulated the semantics of feedback loops as least fix-
points within the denotational semantics. This approach allowed for a more
formal and predictable description of networks that include cycles. However,
the restriction against emptiness checks and the requirement for blocking reads
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place constraints on how these networks can be implemented.

2.4. Different Dataflow Programming Languages

Over the years, various dataflow programming languages [2] have been devel-
oped to utilize DPNs as a computational model. Notable examples include:

• Signal (Polychronous) [22] – A language focused on signal processing and
embedded systems.

• Lustre [8], Scade [9](Synchronous) – Languages designed for safety-critical
applications such as avionics and automotive systems.

• Quatz - A Model-Based Approach to the Synthesis of Hardware-Software
Systems [49]

• CAL (Caltrop actor language) [16] – The latest and most versatile lan-
guage built around DPNs, particularly suited for multimedia processing
and hardware design.

Each of these languages employs different strategies to implement dataflow
principles. For example, some languages focus on synchronous execution mod-
els where nodes fire based on a global clock or periodic schedule, while others
allow asynchronous, event-driven processing.
The CAL language, which is the focus of this work, has proven particularly
effective in implementing complex dataflow networks due to its flexible syntax
and support for actor-oriented programming. By allowing the definition of
actors that communicate exclusively through FIFO buffers, CAL provides a
natural framework for describing and optimizing dataflow networks in various
application domains.

2.5. CAL Actor Language

The CAL Language was developed in 2003 at the University of California,
Berkeley, as part of the Ptolemy II project. Ptolemy II is an open-source
framework designed to support theoretical work on actor-based networks, with
a particular focus on DPNs. The primary goal of this project was to create
a platform for understanding and engaging with computational models in a
highly compositional way. [45]
At the heart of the Ptolemy II project is the development of directors, which are
responsible for guiding the execution of actors within a model. These directors
enable users to create and manipulate networks of computational elements,
fostering an intuitive understanding of complex systems. The flexibility of the
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framework allows for composition in various forms, making it highly adaptable
to different types of computational models.
The CAL Actor Language was specifically designed to facilitate the creation of
dataflow actors and entire networks in a straightforward manner. It prioritizes
ease of use while also incorporating a robust error-detection system to ensure
reliability. The language has a minimal semantic core, meaning its syntax and
operational semantics are relatively compact compared to other programming
languages. This simplicity does not compromise its functionality, making it
a powerful tool for both theoretical exploration and practical application in
actor-based systems.
The development of CAL was guided by two fundamental principles: the ease
of use and the establishment of a robust error detection system. By focusing
on these principles, the language offers both a user-friendly interface and the
necessary safeguards to detect errors early, thus ensuring the creation of reli-
able and efficient actor networks.
In summary, the CAL Language plays a critical role in the development and
experimentation with dataflow-based computational models, providing an ac-
cessible yet powerful tool for both researchers and practitioners in the field of
actor-based computation. [16]

2.6. Calculation of Maximum Buffer Size

The maximum number of tokens in a buffer within an actor network is a crit-
ical factor, particularly when the network is modeled as a Petri net [42], [1],
[41], [48], [35], [11]. A Petri net provides a structured approach to analyz-
ing dynamic systems by representing transitions, states, and resources. This
modeling technique enables the visualization of complex processes and helps
understand how states and resources evolve when transitions are triggered.

In such a network:

• Places represent buffers or states where tokens (data) are stored.

• Transitions signify actions performed by actors, controlling the flow of
resources.

• Edges (arcs) define how tokens move between places and transitions.

To determine the maximum number of tokens in a buffer, it is essential to
analyze the network’s behavior under different conditions and transitions. This
section presents a systematic approach for calculating the maximum buffer size
in an actor network using the incidence matrix of a Petri net, which provides
a structured method to capture interactions between places and transitions,
enabling a precise analysis of token flow and buffer occupancy. [6, 12] Since
deterministic process networks (DPNs) can also be represented as Petri nets,
they share characteristics with marked graphs [10], [25], [35], which in turn
intersect with synchronized, static DPNs, highlighting the connection between
these models. [3]
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2.6.1. Incidence Matrix

The incidence matrix [13, 14] is a key mathematical tool in the analysis of
Dataflow Process Networks (DPNs). It describes how actors interact with
data buffers by specifying how many tokens are produced or consumed when
a process node executes. Understanding this matrix is crucial for predicting
system behavior, especially in terms of cyclic operations and buffer constraints.

Definition of the Incidence Matrix

The incidence matrix I = (ai,j) of a DPN with n nodes and m buffers is defined
as follows:

ai,j :=

8
>>>><

>>>>:

np(zi)� nc(zi), if fj = prod(zi) = cons(zi)
np(zi), if fj = prod(zi) 6= cons(zi)
�nc(zi), if fj = cons(zi) 6= prod(zi)
0, otherwise

where:

• np(zi): Number of tokens produced in buffer zi.

• nc(zi): Number of tokens consumed from buffer zi.

• prod(zi): The node that produces tokens in buffer zi.

• cons(zi): The node that consumes tokens from buffer zi.

This matrix captures how token quantities in buffers change when nodes
execute, enabling precise modeling of data dependencies in the system. [49]

Properties of the Incidence Matrix

The incidence matrix of a Dataflow network possesses several key properties
that are crucial for understanding system behavior:

• Balanced Token Flow: Each row contains exactly one positive and one
negative value, corresponding to the producer and consumer of a buffer.

• Single Nonzero Entries: If a node both produces and consumes a
buffer, only one nonzero value appears in the row. This scenario can
cause scheduling issues in periodic execution.

• Rank Constraint [13, 14]: The rank of the incidence matrix for a
network with n nodes and m buffers is either n or n�1. Cyclic networks
typically exhibit rank n� 1.

• Stability Analysis via I · x = 0: Nontrivial solutions x = � · r provide
insight into system stability and feasible execution schedules.
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Key Theorems

Two fundamental theorems guide the analysis of the incidence matrix:

• Theorem 1: Rank of the Incidence Matrix
The incidence matrix of a network with n nodes and m buffers has rank
n or n� 1.

• Theorem 2: Existence of a Positive Solution
If the rank of the incidence matrix is n� 1, then a positive vector x > 0
exists satisfying I · x = 0. This rate vector describes the token flow
between buffers while ensuring system stability.

[32]

Maximum Buffer Size Calculation

Beyond stability analysis, the incidence matrix helps determine the maximum
buffer size required for safe execution. The calculation follows these steps:

1. Identifying Positive Invariants: The S-invariant Ensures token lev-
els remain within finite bounds.

2. Computing Maximum Tokens: Solving I · x = 0 identifies the upper
limit of tokens in each buffer under different operating conditions.

3. Ensuring Stability: A well-designed periodic execution plan prevents
infinite token accumulation and guarantees smooth operation.

[12]

2.6.2. Illustrative Example

To demonstrate these principles, consider a simple Petri net with:

• Places (Buffers): P = {p1, p2}

• Transitions (Actions): T = {t1, t2}

• Incidence Matrix:
C =

✓
�1 1
1 �1

◆

• Initial Marking: M0 = (1, 0)

This incidence matrix describes how tokens move between places as transi-
tions fire. By analyzing the reachable markings, we can determine the maxi-
mum number of tokens in each buffer. [12]
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3. Introduction to RVC-CAL

This chapter gives an introduction to dataflow programming with RVC-CAL,
focusing on its integration within the ORCC framework. The initial sections
explore fundamental concepts, including data types (see section 3.1), state-
ments (see section 3.4), procedures, and functions (see section 3.3). Subse-
quently, the chapter delves into the definition of actions (see section 3.6) and
proceeds to explain the implementation of libraries comprising functions, pro-
cedures, and constants, which can be imported into actors. Following this,
the chapter outlines the process of defining actors (see section 3.7). Finally,
the last section provides a concise overview of the specification of complete
dataflow networks using a XML based language (see section 3.11). The intro-
duction emphasises common use cases for the discussed language constructs,
as demonstrated in ORCC examples. However, it does not encompass the full
functionality of RVC-CAL. For a comprehensive specification of the language,
readers are referred to [16].
The following notation is employed: keywords are represented in boldface, lit-
erals are enclosed in single quotes (’), optional elements are denoted by square
brackets ([ ]), and components that must occur at least once but may appear
multiple times are enclosed in braces(). When such components are repeated,
they are separated by commas, or in the case of statements, by semicolons or
the end keyword. [16],[29]

3.1. Data Types

The CAL-Language is optionally typed and has a minimal type system. This
means that every new identifier can have a new type. Nevertheless, there are
some basic types in CAL. In the following section, there is a short explanation
about how to use data types in the CAL-Language.
In programming languages, there are two basic types. The first is the variable
type, which is used to declare variables. The second is the object type, which
is used for typing runtime objects. [16]

3.2. Required Types

In the CAL environment, it is imperative that each variable is assigned a spe-
cific type, which remains constant throughout its entire scope. Variables can
be classified according to their relationship with other variables, thereby as-
suming the role of a subtype or a supertype of another variable. Within the
CAL framework, there exist three fundamental methods through which types
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can be expressed.

Type! ID
| ID 0[0TypePars0]0

| ID0(0[TypeAttr{0,0 TypeAttr}]0)0

|0 [0[Types]! Type0]0

|0 [0[Types]!0]0

TypeAttr! ID0 :0 Type
| ID0 =0 Expression

Examples:

// Define a basic type alias

type IntList = List[Int];

// A more complex parametric type

type MapList = Map[String, List[Int]];

// Using type attributes (named parameters in a type)

type Point2D = Point(x: Int, y: Int);

// A function type (list of Ints to a String)

type Formatter = [List[Int] -> String];

// A function type with no output (like a procedure)

type Notifier = [String, Int ->];

// Declaring variables with fixed types

var ids: IntList;

var userScores: MapList;

var location: Point2D;

var toString: Formatter;

var alert: Notifier;

A type that is merely an identifier is known to refer to a type parameter (if
listed in the actor’s type parameters) or to represent a named non-parametric
type, for example String or Integer.A parametric type is defined as taking
other types as parameters, written as T[T1, ..., Tn], and is also referred to as
a type constructor. It is noteworthy that numerous built-in types adhere to
this paradigm; for instance, List[Integer] for a list of integers. [16]

In the context of CAL, it is important to note that certain types are implicitly
created by special language constructs, typically expressions. The following is
a partial enumeration of these essential types, which is intended to serve as a
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comprehensive overview of the fundamental data types, their characteristics,
and the supported operations.

Null: A data type containing only the value null.

Boolean: A data type that includes the truth values true and false.

Int: A numeric type (e.g., integer or natural number).
List[T]: Defines finite lists of elements of type T.

Additionally, CAL includes built-in data types for functional and procedural
closures. The handling of many fundamental types – especially those repre-
senting numeric values – and their associated operations is delegated to the
environment. The language itself only provides built-in support for these types
through literals produced during lexical scanning. The environment is respon-
sible for interpreting these literals and assigning them the appropriate types.
[16]

3.3. Procedures, Functions and Native Functions

Closures are commonly used to define functions or procedures that are assigned
a fixed name within a particular scope—often within the actor itself. One way
to accomplish this is by using the standard variable declaration syntax. For
example, you might write:

plusthree = lambda(x) : x + 3 end

Because this pattern appears so frequently, CAL also offers a more familiar
syntax for defining functions and procedures. The previous example can be
equivalently expressed as:

function plusthree (x) : x + 3 end

The general formats for these constructs are as follows:
Function Declarations:

FuncDecl! function ID ’(’ [FormalPars] ’)’

[var VarDecls ’:’]

Expression

end

Procedure Declarations:

ProcDecl! procedure ID ’(’ [FormalPars] ’)’

[var VarDecls (begin|do)]

{ Statement }

end

In both cases, the declared variable is immutable; that is, it cannot be reas-
signed or modified. [16]
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3.4. Statements in CAL

In CAL, statements represent the fundamental building blocks of execution.
They define the flow of control and modify the state of variables within an
actor. Statements typically introduce side effects by updating variable values
or controlling execution sequences.

A statement is executed within a given scope, and its effects are reflected
through changes in the environment. CAL provides several types of statements,
each serving a distinct role in computation:

• Assignment Statements: Used to assign new values to variables.

• Block Statements: Group multiple statements together to form a
structured execution block.

• Conditional Statements (If Statements): Execute different branches
of code based on boolean conditions.

• Loop Statements (While and Foreach Statements): Repeat a
block of code while a condition holds or iterate over collections.

These statements enable CAL to express computations in a structured man-
ner, facilitating the development of reactive and dataflow-oriented applications
.[16]

3.4.1. Assignment

In CAL, assigning a new value to a variable is the primary way to modify the
state of an actor. The general syntax for an assignment statement is:

Assignment Statement:

AssignmentStmt! ID [Index | FieldRef] := Expression ;

where an assignment can involve either an index or a field reference:

• Indexing: An indexed assignment modifies a specific element within a
collection using the syntax:

Index! ’[’ [Expressions] ’]’

• Field References: A field assignment modifies an attribute of an object
using:

FieldRef! ’.’ ID

Assignments involving field references or indices are collectively referred to
as mutations, as they modify the internal state of an object or collection. [16]
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3.4.2. Block Statements

In CAL, block statements serve as syntactic sugar for a specific case of the
call statement. They are primarily used to introduce a local scope and declare
local variables. The general syntax is:

Block Statement:

BlockStmt! begin [var VarDecls do] { Statement } end

A block statement of the form:

begin var decls do stmts end

is functionally equivalent to defining and immediately invoking an anony-
mous procedure:

procedure () var decls do stmts end () ;

This conversion shows that block instructions bundle local variables and
statements in an ordered area. [16]

3.4.3. If Statements

The if-statement is the simplest control-flow construct in CAL. Its syntax is
defined as:

IfStmt! if Expression then { Statement }

[else { Statement }] end

The behavior is straightforward:

• If the Expression evaluates to true, the statements within the then

block are executed.

• If an else block is present, its statements are executed only if the
Expression evaluates to false.

The condition (Expression) must be of type Boolean. [16],[29]

3.4.4. While Statements

Iteration constructs in CAL allow the repeated execution of a sequence of
statements. The while statement executes its body as long as the specified
Boolean expression evaluates to true. Its syntax is:

WhileStmt! while Expression [var Var Decls] do

[Statements] (end | endwhile)

The execution flow follows these rules:
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• The loop condition (Expression) is evaluated before each iteration.

• If the condition is true, the statements inside the loop body are executed.

• If the condition is false, execution continues after the loop.

Additionally, it is considered an error if a while loop does not terminate,
meaning it must have a condition that eventually evaluates to false. [16], [29]

3.4.5. Foreach Statements

The foreach construct in CAL allows iteration over collections by successively
binding variables to elements within the collection and executing a sequence
of statements for each such binding. The general syntax is:

Foreach Statement:

Foreach Stmt! Foreach Generator { ’,’ Foreach Generator }

[var Var Decls] do [Statements] (end | endforeach)

A foreach generator is defined as:

Foreach Generator! foreach [Type] ID { ’,’ ID } in Expression

[’,’ Expressions]

This construct operates similarly to comprehensions with generators How-
ever, unlike comprehensions, which build a collection iteratively, a foreach

statement executes a sequence of statements for each complete binding of its
generator variables. [16], [29]

3.5. Expressions and their Types

Expressions yield a value and do not produce side effects, meaning they neither
alter the actor’s state nor modify or assign other variables. The significance of
an expression is determined only by the value it evaluates to.

If an expression completes its computation successfully, it results in a value
with a specific object type. This value is influenced by the context in which
the expression is evaluated. Since environments can vary, the resulting objects
of an expression may belong to different object types. However, based on
the type system properties outlined in section 3.1, it can determine an upper
bound for the possible types of an expression. This is done by considering the
declared types of its free identifiers and the types of any literals it contains.
The computed objects of the expression must always conform to the set of
these upper bound types.

Below is an overview of the different types of expressions and their syntax
in CAL:

An expression consists of a primary expression, optionally combined with
operators:
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Expression! PrimaryExpression{Operator PrimaryExpression}
PrimaryExpression! [Operator]SingleExpression

{0(0[Expressions]0)0 |0 [0Expressions0]0 |0 .0ID}
SingleExpression! [old]ID

| ExpressionLiteral
|0 (0Expressions0)0

| IfExpression
| LambdaExpression
| ProcExpression
| LetExpression
| TypeAssertionExpr

This structure ensures that expressions remain predictable and side-effect-
free, making them fundamental building blocks in CAL. [16]

3.6. Actions

In CAL, an action represents a potentially large or even infinite set of tran-
sitions within the actor transition system. A CAL actor can define multiple
actions or none at all. Each action specifies:

• Input tokens,

• Output tokens,

• State changes,

• Additional firing conditions,

• Time delay.

At any given state, an actor can execute one or more transitions, or none at
all. These transitions correspond to actions defined in the actor description.
The selection among available actions depends on the actor’s execution context,
though constraints can be imposed by the actor itself. [16]

3.6.1. Action Syntax

The general syntax of an action definition is:
Action Definition:

Action! [ActionTag ’:’] action ActionHead
[do Statements] (end | endaction)

Action Tag:
ActionTag! ID {’.’ ID}
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Action Head:

ActionHead! InputPatterns ’==>’ OutputExpressions

[guard Expressions]

[var VarDecls]

[delay Expression]

Action tags, which are qualified identifiers (sequences of IDs separated by
dots), can be used to identify and organize actions in schedules and priority
orders. These tags do not need to be unique and may refer to multiple actions.
[16]

3.6.2. Input and Output Patterns

Actions define how inputs and outputs are associated with ports. Associations
can be positional or named, but not both simultaneously. Given an actor’s
port signature:

Input1, Input2 ==> ...

An input pattern can be written as:

[a], [b, c]

This binds a to the first token from Input1, and b and c to the first two
tokens from Input2. Alternatively, a named association looks like:

Input2: [c]

However, mixed associations such as:

[d] Input2:[e]

are not allowed. This rule applies equally to input patterns and output
expressions. [16]

3.6.3. Action Semantics

An action describes how inputs, outputs, and state transitions are related, but
its interpretation depends on the underlying model of computation, not on
the actor itself. Therefore, an action should be understood as a declarative
specification rather than an imperative operation. For a small example of an
action see fig.3.1. [16]
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action operand_1:[ x ], operand_2:[ y ] ==> result:[ out ]

var

int o

do

o = 1;

o = o + x ;

o = o + y;

end

Figure 3.1.: Example Action that takes two inputs x, y, adds them to an output
value o that is one and then outputs it

3.7. Actors

In CAL, the concept of actors is fundamental to the modelling and organisa-
tion of parallel computations. An actor is an abstraction that represents an
independent computing unit that responds to incoming data, processes it and
generates outputs. The actor model provides a clear and scalable approach
to building parallel and distributed systems by encapsulating both state and
behaviour within independent computing units. Actors in CAL can be viewed
as the building blocks of a system that interact with each other via messages
or data transfer. Each actor can exhibit different behaviours depending on its
current state and incoming messages. This chapter discusses the definition,
structure, behaviour and scheduling of actors within CAL and provides a com-
prehensive overview of their role in system modelling.

An actor in CAL is an independent computing unit that is able to inter-
act with its environment and other actors by receiving inputs and generating
outputs. It can switch between different states, whereby each state is linked
to specific actions. In each state, the actor performs specific actions based
on the incoming data, possibly changing its internal state. In addition, the
actor reacts to events or conditions that can trigger transitions between states.
Communication with other actors takes place via messages or data transfers,
which are typically realised via the actor’s input and output points.
The behaviour of an actor is determined by its actions, which are conditional
and depend on the state of the actor and the incoming messages. State tran-
sitions are controlled by FSM (Finite State Machine) principles, whereby each
actor has different states and triggers that control the execution sequence. [16]

3.7.1. Structure of an Actor in CAL

The basic structure of an actor in CAL consists of several components:
Ports: These are the communication endpoints via which the actor receives
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input data and generates output data. Each actor has specific input and out-
put points that are typically tied to the actor’s interaction with other parts of
the system. [16] Input ports: These ports receive data from other actors or
external sources.
Output ports: These ports send data to other actors or destinations.
States (see section 3.10): An actor can have multiple states, and the be-
haviour in each state is determined by the actions defined for that state. States
in CAL are similar to those in a state machine model, with each state repre-
senting a specific execution phase.
Actions (see section 3.6): Each actor can perform actions in response to
certain conditions. These actions are usually tied to the current state of the
actor and may depend on the input data. Actions can be simple calculations
or complex data manipulations.
Guards (see section3.8): A guard condition is an expression that must be
fulfilled for a transition to occur. Guard conditions are used to enforce con-
straints or control when an actor can change its state.

The behaviour of an actor in CAL is controlled by a combination of its
current state, the input data and the guard conditions. When an actor receives
data at an input point, it processes it and performs actions based on its state.
The actor then updates its state, possibly switching to a new state and sending
outputs to other actors via its output points.
Actors can exhibit different behaviours depending on their internal state, and
these behaviours can be programmed with conditional statements and actions.
In fig.3.2 there is simple example of the behaviour of an actor:
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actor A () int(size=14) Input1, int(size=14) Input2 ==>

int(size=14) Output:

add: action Input1: [a], Input2: [b] ==> Output: [a + b]

guard

a > 0

do

println("Action Add is adding " + a + " and " + b);

end

sub: action Input1: [a], Input2: [b] ==> Output: [a - b]

guard

a < 0

do

println("Action Sub is substracing " + a + " and " + b);

end

zero : action Input1: [a], Input2: [b] ==> Output: [b]

do

println("Action zero return b);

end

priority:

add > zero;

sub > zero;

end

end

Figure 3.2.: Example Actor performs three actions: an addition, a subtraction
and a return of b, where the actions are executed based on the input
data Input1 and Input2, with the guards and priorities controlling the
behavior.

3.7.2. Scheduling and Execution of actors

The execution of actors in CAL is mainly controlled by an event-driven schedul-
ing model, which is often referred to as actor scheduling. In this model, an
actor is only executed when it receives new data or when its state transitions
are triggered by certain events. Actors in CAL have no inherent execution
order; instead, they are scheduled based on their readiness to fire (i.e. the
availability of input data and fulfilled transition conditions). In systems with
multiple actors, the scheduler ensures that actors are executed at the right
time based on event and data dependencies.
In systems with high concurrency, actors can be executed simultaneously and
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the scheduler manages the execution order to avoid conflicts and optimise re-
source usage. The priority of an actor can also be taken into account during
scheduling to decide which actors are executed first, especially in time-critical
applications. [16]

3.7.3. Communication between Actors

In CAL, actors communicate by sending and receiving messages via their in-
put and output points. Communication between actors is asynchronous, which
means that an actor can send a message to another actor without waiting for
an immediate response. The receiving actor processes the message when it is
ready to do so.
An actor can have multiple input and output points, and the connections be-
tween actors are defined by these ports. The communication channels between
actors are established by connections that indicate which actor’s output point
is connected to another actor’s input point. These connections enable complex
interactions between actors in a distributed system. [16]

3.8. Guard Conditions

Guard conditions in CAL are a central concept for controlling the execution of
actors and the communication between them. They determine when an actor
becomes active in an actor network and enable detailed control over when and
how processes are executed. This is particularly important in parallelised sys-
tems in which several actors work simultaneously and can influence each other.
In CAL, there can be so-called guard conditions for each actor and each action,
which act as conditions that are checked before an actor can fire (i.e. perform
an action). These conditions ensure that an actor is only activated if all pre-
requisites for its execution are fulfilled, which leads to synchronisation and the
avoidance of inconsistencies. [16]

3.8.1. Principle of Guard Conditions

The guard condition is essentially a logical condition that is linked to the input
data of an actor fig.3.3. An actor in CAL has input channels from which it
receives data. A guard condition checks whether the correct data is available on
these channels in order to activate the action. As soon as the guard condition
is evaluated as true, the actor can run the specific action, fire and execute its
functionality.
The guard condition is expressed in CAL by a logical formula or condition,
which can be defined either directly in the description of the actor or as part
of the communication relationships between actors. The conditions can be
simple comparisons or involve complex logical operations, depending on the
requirements of the system. [16]
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action i_1:[ a, b ] ==> result:[ a + b ]

guard

a > 0

end

Figure 3.3.: Example Action with a guard Condition that add a, b if a > 0.

3.9. Priorities

In CAL, priority management is an essential concept, especially in systems
where multiple actors are executing simultaneously and their execution order
may be critical to system performance or correctness. Priorities allow finer
control over which actors are allowed to fire first, based on certain conditions
or requirements of the system.
In CAL, actor priority is typically used to determine the order of execution, es-
pecially in scenarios where multiple actors are ready to perform their operations
simultaneously. Priority mechanisms can significantly affect the performance
and efficiency of a system, especially in real-time systems or in systems with
strict latency requirements. [16]

3.9.1. Principle of Priority

In CAL, the priority of an actor is generally determined by an explicit priority
attribute or sequence of rules that controls the order in which actors fire within
an actor network fig.3.4. These priorities are particularly relevant when there
are multiple competing actors that need to access their input data and produce
their output data simultaneously. [16]

3.9.2. Priority and Firing of Actors

In CAL, the firing of an actor is linked to the availability of input data and
the fulfilment of guard conditions. The priority of an actor determines which
actors are executed first if these conditions are met at the same time. If several
actors could fire at the same time, the priority system ensures that the ‘most
important’ actor is executed first.
An example of a priority system could be that in a signal processing system,
certain actors that rely on real-time data are given a higher priority than
other, less time-critical actors. These actors must then fire first in order to
avoid delays in the system. [16]
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priority

write > read;

end

Figure 3.4.: Example of the priority of an actor with two actions, write and read,
where write has a higher priority than read.

3.10. FSM Scheduling

In CAL, the scheduling of actors is often combined with the FSM technique to
organise and control the execution of processes. State machines are a powerful
model for describing systems that are in a finite number of states and perform
transitions between these states based on certain events or conditions. In FSM
scheduling in CAL, the system is organised so that actors in different states
perform different tasks, and the scheduling determines how and when actors
transition from one state to another. [16]

3.10.1. Principle of FSM Scheduling

FSM scheduling in CAL is based on the idea that actors pass through different
states, depending on the input data and the transition conditions. Each state
of the actor can be associated with a specific action or set of actions. These
actions are executed in a defined time frame, which is determined by the transi-
tions of the state machine. The change between the states takes place through
so-called ‘transitions’, which are triggered by events or conditions. [16]
In the context of CAL, actors can be programmed to work as state machines.
For example, an actor could start in an ‘idle’ state in which it runs for the
first input data. As soon as the first input data is read, the actor switches to
a ‘processing’ state in which it processes the next data. When the process is
complete, the actor switches to a ‘Done’ state, which indicates that processing
is complete with the second data and run with the next one fig.3.5. [16]

3.10.2. FSM Scheduling and its role in the system

FSM scheduling enables detailed control of the execution of actors in CAL.
It helps to determine which actors are active at which time and contributes
to the synchronisation of the entire system. Especially in real-time systems
or systems with multiple parallel processes, it is important that actors are
activated efficiently and at the right time. FSM scheduling ensures that the
actors assume the right states at the right time, which optimises the overall
performance of the system. [16].
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schedule fsm idle :

idle ( init ) --> processing;

processing (run) --> done;

done (end) --> idle;

end

Figure 3.5.: Example of FSM scheduling of an actor with 3 states and the initial
state idle and a different action for each state.

3.11. XML

An XML-based data flow network describes a structured processing chain in
which different instances perform certain arithmetic operations or signal pro-
cessing steps. Each instance is defined by a unique ID and an associated class
that determines its behaviour. Communication between the instances takes
place via defined connections that send and receive data at specific ports.
There are one or more data sources that feed information into the network,
while the data is then forwarded from instance to instance and transformed in
various processing steps. At the end of the process, there are one or more in-
stances that output or forward the processed data. The hierarchical structure
of such a network enables a high degree of modularity, as individual instances
can be developed and exchanged independently of each other. An exemplary
representation of such a network in XML can be found in the appendix of the
thesis B. [16]
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4. Repeat Actor Merging

In this chapter, the earlier developed RAM, developed by Krebs and Schnei-
der [30], is explained. In the first part, it is demonstrated that CAL features
are supported; subsequently, the section shows which CAL features are not in-
cluded in the Actor Merging. The next part shows which Merging Criteria must
be fulfilled for Actor Merging to be possible. Once the requirements are clear,
the different steps of Actor Merging are explained. The process commences
with the Merging Approach, encompassing Path Enumeration, Dataflow Con-
figuration Merged, followed by a determination of merging feasibility. Subse-
quently, the Generation of FSM and Priority is initiated, culminating in the
creation of the merged actions, actor, and the newly generated network.

It is imperative that no further verification of inputs (DPNs in the CAL
Language) is conducted during the merge process. It is imperative to ensure
that both the input cal-files and the input network exhibit the correct syntax
of the Cal language.

There are more information about Actor-merging with Cal in the following
Paper [30].

4.1. Supported CAL Features

It is important to note that not all features of the CAL language are sup-
ported by actor merging. The data types, statements and expressions explained
in the previous chapter are all supported by Actor Merging. The supported
functions of the CAL language include Actors and Actions, including the Init
Action, FSM Scheduling, Priority Scheduling, Guard Conditions, State Vari-
ables, Functions and Procedures, Import without Renaming, List Type and
List Comprehension as well as all basic data types and operations. [30]

4.2. Unsupported CAL Features

Compared to [16], the CAL language has many more features that are ignored
by actor merging. In particular, functions such as choose, set, collection, map,
time and delay are not supported; state variables should be used instead.
Multichannel access is also not supported. Regular Expression Schedules are
also not supported, and Priority Scheduling and FSM should be used instead.
Other ignored functions include Old , Let, Mutable, Type Inference for Actors
and Lambda. In addition, import with renaming is not supported, and the
token rates of channels must be constant per action, whereby they can depend
on imported constants, but not on other variables. [30]
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4.3. Merging Criteria

In order to generate a merged actor that functions in a manner equivalent
to the origin unmerged actors and are also represented in correct CAL-Code,
there are four distinct criteria that must be fulfilled.

Criteria 1 "The merging of actors must not introduce additional buffering

of tokens within the new actor across different firings."[30]

The utilisation of buffers within the new actor gives rise to issues that ought
to be circumvented. Primarily, the dimensions of these buffers cannot be as-
sured, which can result in outcomes that are difficult to predict. Moreover,
the scheduler must be apprised of the buffering of tokens, as even the buffered
tokens exert influence on the order and timing of actions. Consequently, the
buffering of tokens within the actor can lead to the merged actor not function-
ing correctly and should therefore be eschewed.

Instead, it is recommended that tokens be buffered within the communica-
tion channels between actors. It should be noted that these communication
channels can only be realised between different actors; they cannot be estab-
lished within an actor. Self-edges are excluded in this context, as they give
rise to additional complications, including a greater number of possible con-
figurations, which in turn complicates the process of merging. However, there
exist some rare cases in which the buffering of tokens in state variables, such
as control tokens, can be safely accomplished.

Criteria 2 "The token rates of the merged actors must match each other,

multiples are allowed."[30]

In accordance with the preceding criterion, the buffering of tokens is not
permitted. Consequently, in instances where the token rates are incompatible,
the implementation of buffering becomes imperative. In such scenarios, the
introduction of loops becomes essential to compensate for the discrepancy in
token rates and to guarantee the timely processing of all requisite tokens.

Criteria 3 "The number of required tokens consumed from each input channel

and the number of tokens produced for each output channel for the execution

of the composite actor must be known when firing."[30]
It is evident that CAL and other data flow representations do not permit con-
ditional consumption of additional tokens during the execution of actions. The
scheduler is responsible for determining which action is to be executed, and
this action is characterised by a fixed consumption and production rate. In
scenarios where the requirement for additional tokens exceeds the original in-
tention, it is imperative that the guard conditions or the FSM are specified in
such a manner that the scheduler can accurately map the dynamics.
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Criteria 4 "If the initial actors can produce tokens for edges leaving the

subnet to be merged for a given number of input tokens, the new “meta” actor

should be able to do the same (minimum schedulability)."[30]

In the event that the actors contained within the subnetwork that is to be
amalgamated are capable of producing tokens for a specific quantity of input
tokens within the input channels of the aforementioned subnetwork, yet the
newly introduced meta-actor is unable to do so, there is a reduction in the
predictability of the meta-actor in comparison to that of the preceding actors.
This may consequently result in the requirement for other actors to utilise
tokens in order to continue processing, yet the new actor is not capable of
producing them.This phenomenon could be attributed to a schedule that ne-
cessitates the execution of multiple actors on multiple occasions.

However, if an actor is only executed once on each path through the subnet,
this criterion is met.

4.4. Dataflow Configuration

A data flow configuration is defined as a depiction of the relationship between
the input tokens consumed and the output tokens generated. It consists of
(actor, action) pairs that are executed either unconditionally or under certain
conditions to generate the output tokens based on the consumed input tokens
and the internal state of the actor. [30]

Explanation:
Such a configuration can be imagined as a possible path through a subnet or
as a possible flowchart of the actors contained therein. The actors consume a
specific quantity of tokens and subsequently produce a predetermined amount
of tokens. These configurations form the basis for the scheduler’s capacity to
plan actions. Consequently, they must define from which channels tokens are
read, the quantity of tokens produced, and the conditions under which the
configuration is considered valid. These conditions may include, but are not
limited to, the values of the consumed tokens, the internal state of the FSM,
guard conditions, or defined priorities between configurations. [30]

It is noteworthy that a single configuration can encompass multiple actions
of an actor, provided these actions consume and produce an equivalent number
of tokens from the same channels. This facilitates parallel execution, though
not sequential processing within the same actor.

31



Chapter 4: Repeat Actor Merging

4.5. Actor Transformations

The following transformation rules pertain to the planning characteristics as-
signed to individual actors, yet they exert no influence on the time sequence
of the actions of the newly created meta-actor. Consequently, all criteria that
neither influence the number of tokens generated or consumed nor the channels
involved can be transformed according to the following rules. [30]

4.5.1. Transformation 1 (FSM transformation):

A FSM is transformed by a structure of if ... then ... else ... endif state-
ments that covers all states. Additionally, an internal variable is introduced
that stores the current state.The transition between states occurs by assign-
ing the variable a new value prior to or subsequent to the execution of the
corresponding conditional code block. [30]

4.5.2. Transformation 2 (guard condition transformation):

In the event that multiple actions of an actor are situated within a unified data
flow configuration and are distinguished from each other by guard conditions
(guards), these conditions are converted into if...then...else...endif blocks. This
process verifies the guard conditions and executes the corresponding opera-
tions. [30]

4.5.3. Transformation 3 (Priority transformation I):

In the event that multiple actions of an actor within a data flow configura-
tion are arranged according to a specific priority, the planning conditions are
evaluated according to this priority sequence. [30]

4.5.4. Transformation 4 (Priority transformation II):

In the event of multiple actions of an actor being present within a data flow
configuration, and provided that priorities have been defined for these actions,
and if a planning condition of one of these actions is already contained in the
planning condition of another, the action with the stricter condition can be
removed from the configuration. [30]

The purpose of these transformation methods is to minimise, or ideally avoid
entirely, the need to create a complex and extensive state machine that takes
into account all the planning characteristics of all the actions involved. In
scenarios where an actor comprises multiple actions and an FSM is defined,
this can result in a substantially large state machine, which can be challenging
to generate automatically .Conversely, the conversion to if...then...else...endif
structures enables the formulation of planning conditions at a more abstract
level, focusing exclusively on the data flow actors in their entirety, such as
the number of tokens consumed or generated, without addressing the internal
processing of these tokens. [30]
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4.6. Merging Approach

The focus is on Actor Merging, where the networks and actors must first be read
and converted into a suitable representation. However, this part is simplified
and omitted here in order to clearly illustrate the merging methods.

4.6.1. Path Ennumeration

The first step of the merging is to determine all valid flow configurations for
the subnet to be fused. This is done by first determining the initial state of all
actors involved. If no FSM is defined for an actor, an empty state is used in-
stead, which means that no action can be planned. The next step is to identify
all actors that consume tokens from the subnet or produce tokens themselves,
and to check whether they contain actions that are independent of internal
input tokens.
A list of these actions is created for each actor, with an empty action added
as a placeholder if more than one actor is involved. These lists are combined
into so-called starting points for path counting. From each of these starting
points, a path is generated through the subnet, checking that the execution
state of the actor matches the current state and that there are sufficient tokens
available in the given configuration. In certain scenarios, the empty action may
also be selected for an actor if no tokens are provided by the other actors.
After this step, each configuration contains at least one action per actor. If an
actor has multiple static actions that can be executed in parallel, these actions
are added to a configuration as long as there is no other action with a higher
priority. This step also uses the FSM transformation, and once the configura-
tion is complete, the state of the actors is evolved based on the planned action.
In the event that this state combination has not yet been processed, starting
points are created again and the count continues.
However, it should be noted that the resulting configurations may contain con-
figurations that are irrelevant for the further process, such as configurations
with empty actions or those that contain paths that produce tokens for inter-
nal channels from which nothing is consumed. In such cases, these superfluous
configurations can be deleted. [30]

4.6.2. Dataflow Configuration Merging

The next step deals with the merging of configurations. In this step, configu-
rations are combined so that parallel paths are covered by a single action, as
is the case with a fork-and-join structure, for example. Two configurations can
be merged if the number of tokens consumed and produced for each input and
output channel is equal, and the path has a clear fork and join. It is important
that the fork does not match the actor that reads the tokens from the input
channels. In such cases, the CAL scheduler determines whether merging is re-
quired. This recognition and merging of configurations serves to further reduce
the number of actions to be generated and optimises the merging process. [30]
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4.6.3. Check of the Merging Criteria

In the next phase, the defined merging criteria are checked and the frequency
of the actions performed in each configuration is calculated. It is noteworthy
that empty dummy actions are assigned an execution count of zero. Further-
more, it is imperative that the token rates between consumers and producers
are consistent for each configuration. This principle also pertains to merged
configurations, as the overlapping parts of the configurations must be congru-
ent. The minimum criterion for plannability is also verified. When checking
the third criterion, it is also ensured that guard conditions can be propagated
or converted according to the guard transformation. If this is not possible, it
cannot be predicted on which path the tokens will flow through the network
and it remains unclear how many tokens will be consumed or produced. [30]

4.6.4. FSM and Priority Generation

In this step, a new FSM is formulated. For each distinct state combination
present within the data flow configurations, a new state is defined. The state
transitions are then generated based on these combinations. The priorities of
the actions are also redefined, with these priorities being based on the original
priority definitions of the actors. It is important to note that only priorities
between actions that can be planned in the same state are generated. Initially,
a vector is created for each configuration that assigns each action according
to its priority, with the highest priority being assigned the value ’1’. Actions
without a defined priority are given a high dummy value. The configurations
that can be planned in the same state are then sorted according to these
vectors. Repeated sorting of the configurations for the individual actors creates
a new tree for the priorities. [30]

4.6.5. Actor Generation

Actor generation is a relatively straightforward step. The ports of the original
actors at the boundaries of the merged subnet are adopted, and in the event of
any name conflicts, they are renamed and the corresponding data structures
are adapted accordingly. The FSM and the priorities are adopted from the
original actors, and in addition, the state variables, imports, procedures and
functions of the actors are integrated into the new actor. [30]

4.6.6. Action Generation

In the context of action generation, the input port accesses and guards of the
input actions are combined to form the new action, in conjunction with the
output port accesses of the output actions. The generation of an action is
achieved through the iteration of all actors in topological order, with the cor-
responding action code being appended to the new action. The input port
accesses are converted into code that reads the tokens produced and stores
them in variables that align with the requirements of the action code. Con-
versely, the output port accesses are converted into code that stores the tokens
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produced for each channel in a variable. In instances where multiple actions
of the same actor can be planned in parallel, the relevant transformation rules
are applied. When executing multiple repeated actions, a loop is created using
the loop variable to access the corresponding tokens. When forking a data flow
configuration, the code up to the join is enclosed in an if statement, with the
code being added to the merged configuration as an else block. [30]

4.6.7. Network Generation

In the final step, a new XML representation of the data flow network is created
with the new actor. Actors that are not involved in the merger are adopted
unchanged, and connections between these actors and the merged actors are
replaced by connections to the corresponding ports of the new actor, whereby
the attributes of the original connections are adopted. Parameter definitions
of the actors involved are used for the new actor and adjusted if necessary to
avoid naming conflicts. [30]
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5. Actor Merging with Buffering

RAM has several restrictions that significantly limit the choice of merging net-
works. In particular, the strict requirement that networks must not contain
cicles or feedback loops is a significant limitation. This restriction is problem-
atic, as such structures frequently occur in many real applications. Networks
that require recursive calculations or continuous data processing, for example,
typically rely on feedback loops. These restrictions therefore significantly limit
the applicability of the RAM algorithm. [30]
To solve this problem, a new approach was developed in this thesis that allows
networks with cycles and feedback loops to be fused effectively. The deci-
sive advantage of this new approach over RAM is that the buffers between
the actors are not eliminated, but remain as changeable internal structures in
the merged actor. These internal buffers are implemented as modifiable lists
within the meta-actor, which ensures that the original network structure is
maintained without compromising the functionality of the buffers.
This approach makes it possible to correctly map feedback loops and cycles
in the merged network. Instead of completely eliminating communication be-
tween actors, it is merely moved from external FIFO buffers to internal lists.
This allows the original data flow behaviour to be retained while at the same
time significantly reducing the number of memory accesses.
This new algorithm makes it possible to merge a far greater variety of networks
than was possible with RAM. In particular, networks containing recursive pro-
cesses or feedback data flows can now be merged with less restrictions. The
ability to effectively merge such structures represents a significant advance in
the optimisation of CAL programs and opens up new possibilities for their
application on multicore processors.

5.1. Supported and Unsupported Features

Similar to RAM [30], the algorithm presented here does not support all the
functions and features that the CAL Language theoretically provides. Instead,
the focus is on the implementation of basic core functions that are sufficient
for a functional proof of concept. This deliberate restriction was made because
this work is primarily a proof-of-concept, which is intended to show that the
basic functions of CAL can be successfully merged with the new algorithm.
However, the algorithm was developed in such a way that it is built on a solid,
extensible foundation. By having all the essential basic elements in place, it
is easily possible to add additional features to the algorithm in the future if
required.
The currently supported functions of the algorithm include:
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• Actors and actions including the initialisation action (init action).

• FSM for sequence control.

• Priority-based scheduling (Priority Scheduling).

• Guard conditions for controlling the flow of actions.

• State variables for storing data within an actor.

• Functions and procedures to define reusable code blocks.

• Import without renaming to integrate external definitions.

• List types and list comprehensions for handling data structures.

• All basic types and operations required for a basic implementation.

If you compare this implementation with the original complete CAL spec-
ification as described in [16], it becomes clear that some features have been
deliberately omitted. These unsupported features include in particular:

• Choose, Set, Collection and Map for flexible data processing.

• Time and Delay, where state variables are used instead for modelling.

• Multichannel access, in particular the use of at and all for accessing chan-
nels is not supported.

• Regular expression schedules, whereby priority control and FSM can be
used as an alternative.

• Old constructs, which should be replaced by temporary variables.

• Let constructs, which are not taken into account in the current imple-
mentation.
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• Mutable data, whereby the assignment operators = and := are supported
and are normally sufficient.

• Type inference for actors, which plays no role in the implementation.

• Lambda functions, whereby functions or procedures should be used in
their place.

• Import with renaming.

• Token rates of channels, which must be constant per action; they can
depend on imported constants, but not on other variables.

5.2. Merging Criteria

Criterion 1

Definition: Internal buffering may only be realised as an explicitly declared,
restricted state variable. It must be guaranteed that the buffer does not grow
in an uncontrolled manner, i.e. that it always has an upper limit.

Reason: This prevents the actor from unpredictably accumulating more
tokens than it can process in one firing round due to internal buffering. At
the same time, the scheduler must be able to know the current state of the
buffer exactly. In real systems, there is also only a limited amount of memory
available. It is therefore imperative that there are no unbounded buffers in
internal buffering in order to prevent buffer overflow.

Example: Consider an actor that processes data packets in a real-time
system. The actor has an internal buffer with a maximum size of 10 pack-
ets. If more than 10 packets are received before processing can occur, the
actor will reject additional packets, preventing an uncontrolled growth of the
buffer. This guarantees that the buffer size remains within predefined limits,
and the scheduler knows exactly when the buffer is full, thus avoiding potential
overflow.

Criterion 2

Definition: For each firing process, it must be known exactly how many to-
kens will be consumed from the inputs, transferred to the buffer and produced
at the outputs, taking the internal buffer into account. The internal buffer
logic must therefore be designed in such a way that it acts deterministically
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and transparently as part of the scheduling process.

Reason: This enables the scheduler to reliably decide which action fires, as
all token movements - including the change in the buffer state - are predictable.

Example: Imagine an actor in a video streaming application where each
input token represents a frame of video data. The actor’s internal buffer tem-
porarily holds up to 5 frames while it processes them one by one. The scheduler
knows that for every fire of the actor, exactly 1 input frame is consumed, and 1
output frame is produced, while the buffer retains 4 frames between each firing.
This predictable behavior ensures that the scheduler can efficiently manage the
flow of video data.

Criterion 3

Definition: For a given number of input tokens - including the effects of the
buffer - the new meta-actor with internal buffering must be able to generate at
least the same number of output tokens as the original actors intended. The
internal buffer logic must not restrict the schedulability, but must maintain or
deterministically extend the original production capability.

Reason: This prevents internal buffering from creating unexpected bottle-
necks or asynchronies that could disrupt the overall flow in the system.

Example: Suppose a factory production line is modeled with actors that
consume raw materials (input tokens) and produce finished products (output
tokens). The internal buffer of each actor allows it to store a few raw materials
while processing them. Even with this buffer, the actor should still produce
the same number of finished products per time unit as it would without the
buffer. If the buffer allows the actor to store more materials and process them
more efficiently, the actor might even produce more output, but it should never
produce fewer products than without the buffer, ensuring consistent production
flow and avoiding bottlenecks.

5.3. Theoretical Foundations and Concepts

Having described the criteria that determine the conditions under which the
merge process can be initiated in the previous section, a more detailed descrip-
tion of some basic concepts and principles now follows. These concepts are
essential for understanding the developed algorithm and play a central role in
how it works. The following section therefore explains important theoretical
principles and mechanisms that are used in the algorithm itself. These ex-
planations serve to make the subsequent implementation steps comprehensible
and to clarify the underlying decision-making processes.

The algorithm assumes that the actors to be merged are connected to each
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other within the network. This means that there should be no actors that are
completely independent of the others. If this is the case, the algorithm must
be applied in several runs in order to process each connected group separation.

Example:

A B C

Figure 5.1.: connecting group 1

D E

Figure 5.2.: connecting group 2

If all five actors (A, B, C, D, E) are to be merged, the algorithm doesn’t
recognise that there are two separate sub-networks within the set to be merged.
To solve the problem, the algorithm is applied separately for each subgroup
and a separate meta-actor is created for each.
Once all restrictions have been checked, the individual actors can be merged.
To do this, the actors to be merged must first be placed in a topological order.
The first step is to determine the start vectors - i.e. the actors that appear
first in the network and produce tokens that are required by the other actors
to be merged.
An actor is classified as a start vector if it has no incoming edges from other
actors to be merged. If an actor only has incoming edges from actors outside
the merge set or has no incoming edges at all, it is also defined as a start actor.
Example: As B has an incoming edge from A and A itself has no incoming

A B

Figure 5.3.: actors to be merged: A, B

edge within the merge set, A is selected as the start actor. If several start
actors exist, they are randomly inserted one after the other in the sequence.
Example:
In this case, C has two incoming edges (A ! C and B ! C), while A and B
have no incoming edges within the merge set. Therefore, A and B are consid-
ered as start actors and are randomly sorted one after the other.

5.3.1. Handling of Cycles

As the network can contain backward edges, cycles can form within the actors
to be merged. In such a cycle, each actor has at least one incoming edge
from another actor to be merged or refers to itself. If an actor only has one
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A B

C

Figure 5.4.: actors to be merged: A, B, C

backward edge to itself and no other incoming edges, it can still be treated as
a start vector. However, if there is a real cycle, a start actor must be selected
at random within the cycle.
Example of a cycle: A circle exists here. As each actor has at least one

A B C

Figure 5.5.: Example of a cycle:

incoming edge, no start actor can be determined as before. In this case, the
algorithm randomly selects an actor within the cycle as the start vector. A
more complex case occurs when some actors initially have no backward edges,
but later lead into a cycle. In this case, the algorithm must determine the start
actor of the cycle. To do this, we calculate the distance to the last known start
vector for each actor in the cycle.
Example:

A B C D E

Figure 5.6.: Example of a cycle with start vector:

A is recognised as the start actor.
B is added.
C is added.
A cycle exists from here. To determine the sequence within the cycle, we
calculate the distance to A for C, D and E. The actors are sorted in ascending
order according to their distance. If several start actors exist, the distance to
a start actor is determined randomly. As the number of preceding actors is
constant, this only affects the cycle itself.
If several cycles exist within the merge set, they must also be prioritised among
each other. If two cycles are connected to each other, it must be ensured that
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their sequence remains consistent.
We now have the topological order in which the actors are to be merged with
each other.

5.3.2. Relationship between Actors

Actors can have different relationships to each other within a network. These
different structures influence the algorithm for merging actors, especially when
token buffering is used.
There are different basic relationship structures between actors. In the follow-
ing part some of them are shown.

Linear Sequence (chain)

The simplest relationship between actors is a linear sequence. One actor fol-
lows another Actor in a clearly defined sequence.
Example:

A B C

Figure 5.7.: sequence of three actors

Here has:
A has an outgoing edge to B.
B an incoming edge from A and an outgoing edge to C.
C has an incoming edge from B.
This structure is the simplest case for merging, as the data flow is unambigu-
ous and the order of processing can be derived directly.

Parallelism (branching, fan-out/split)

Two actors can also be parallel to each other if they have no direct connection
but both get tokens from a parent actor.
Example:
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A B

C

Figure 5.8.: parallelism of actors

Here has:
A has two outgoing edges, one to B and one to C.
B and C have no direct connection to each other, only one from A.
This structure is known as a fan-out or split. It requires special handling when
merging, as the processing of B and C can run in parallel, which makes it
necessary to synchronise the token flow.

Merging (join, fan-in)

Another possibility is that two or more actors have a common successor. In
this case, the token flow leads from several sources to a common destination.
Example:

A

B C

Figure 5.9.: join of two actors into one

Here C has two incoming edges: one from A and one from B.
A and B work independently of each other, but their results both flow into C.
This structure is often referred to as a fan-in or join. Unlike the previous
case, where a parent had multiple successors, here data from multiple sources
is merged. This requires special handling, especially if the inputs arrive asyn-
chronously.
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Cycles (Circles) and Backward Edges

In addition to the structures mentioned above, there can also be cycles (cir-
cles) in networks in which an actor refers back to itself over several steps or is
dependent on other actors in a closed loop.
Example: Here there is a backward edge from C to D, which in turn has a

A B C D

Figure 5.10.: circle of the actors C and D

connection to A. This creates a closed cycle.
Such structures pose particular challenges for merging, as they can lead to in-
finite dependency chains. It is therefore necessary to check whether the cycle
can be broken or whether an alternative processing sequence is required.

5.3.3. Internal Buffers

The main difference between the algorithm presented in this paper and the
RAM algorithm is the way in which tokens are processed. While RAM algo-
rithm works without dedicated buffering, the approach in this paper uses FIFO
buffers to temporarily store the tokens. A central question is which constructs
of CAL are best suited to emulate such a buffer, which works according to the
First-In-First-Out (FIFO) principle. In this work, FIFO buffers are simulated
using lists. The lists, which exist in CAL as a basic data structure, are modi-
fied so that they have the desired buffer properties.
In order to use a list as a buffer, some basic aspects must be taken into ac-
count. Firstly, the maximum length of the list must be determined in advance
in order to avoid memory overflows. It is also necessary to define the data type
of the list to ensure that only valid elements are stored. In order for the list to
function as a real FIFO buffer, new elements must always be added at the end
and older elements removed at the beginning. In addition to the actual list, a
variable is introduced that stores the number of saved elements. This variable
is initially set to zero, as there are no tokens in the buffer yet. If a new token
is saved, it is appended to the list as the last element and the variable for the
saved elements is increased by one.
A token is always removed at the front end of the list. As CAL lists do not
automatically have FIFO behaviour, all remaining elements must be moved
forward by one position after a token has been removed. To do this, the first
element of the list is read and returned, whereupon the second element is
moved to the first position, the third element is moved to the second position
and so on until the entire list has been moved forward by one position. Finally,
the variable for the number of stored elements is reduced by one.
In addition to the sequential insertion and removal of individual tokens, there
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are also scenarios in which several tokens have to be processed simultaneously.
If a number of n new elements are to be inserted into the buffer at the same
time, all elements must be checked and added to the list one after the other.
It must be ensured that the list has a sufficient size. If there is enough space,
all n new elements are appended to the list and the number of stored elements
is increased accordingly.
It may also be necessary to remove several tokens at the same time. In this
case, the first n elements of the list must be removed and all remaining ele-
ments must be moved forwards by n positions. After removal, the variable for
the saved elements must be reduced accordingly.
By using lists to simulate a FIFO buffer, the tokens required for merging can
be efficiently buffered and processed. Two central operations were considered:
the addition of new tokens, which takes place at the end of the list, and the
removal of tokens, which takes place at the beginning of the list and requires
a shift of the remaining elements. While individual token processing steps are
simple, parallel operations can complicate the implementation. In particular,
if several elements are removed or added at the same time, care must be taken
to ensure that the buffer is managed correctly and that no overflows or un-
derflows occur in the buffer. This approach provides an efficient method for
emulating a FIFO principle in the CAL Language so that token buffering can
be easily implemented for the merging of actors.

5.4. Transformation

This section presents rules that are applied to the scheduling criteria of actors.
However, these transformations do not change the actual order of action execu-
tion in the newly created meta-actor. As long as neither the number of tokens
produced or consumed nor the affected communication channels are affected,
the following transformations can be performed.

Transformation 1: Transformation of the state machine

An actor with a FSM is transformed into a structured sequence of if ... then
... else ... endif statements. An internal variable is used to store the current
state. The state transitions are made by assigning a new value to this variable,
either immediately before or after the execution of the associated statement
block. In this way, the original logic of the state control is retained while the
structure is simplified. [30]

Transformation 2: Conversion of guard conditions

If an actor has several actions with different guard conditions within a data
flow configuration, these conditions are converted into an if ... then ... else
... endif structure. This ensures that it is checked at runtime which action is

46



5.5. Process

activated. The conditions are evaluated one after the other so that the appro-
priate action is executed according to the defined logic. This method enables
a compact representation without explicit state machines. [30]

Transformation 3: Conversion of priorities

If an actor in a data flow configuration has several actions with predefined
priorities, the scheduling conditions are checked in the order of highest to
lowest priority. This ensures that the action with the highest priority is always
processed first before actions with a lower priority are considered. As a result,
the original order of execution is retained and the planned sequence control is
correctly mapped. [30]

Transformation 4: Optimisation of the priority check

If several actions of an actor with priorities exist within a data flow configura-
tion and their scheduling conditions overlap, the condition of the stricter action
can be omitted. This means that an action whose condition is completely con-
tained in another can be removed without changing the system functionality.
This reduces the complexity of planning and enables more efficient processing.
[30]

Advantages of Transformations

These transformations avoid the need to create a complex and difficult to
manage scheduling state machine that covers all possible conditions. If an
actor has multiple actions and also defines an FSM, this could lead to an
extremely large and difficult to automate structure.
By using if ... then ... else ... endif structures, the scheduling conditions
are represented in a more compact form. This facilitates the modelling of
the actor as a unit that consumes and produces a dynamic number of tokens
without having to explicitly consider the internal processing of the tokens. This
simplification contributes to the efficiency of the system and facilitates both
analysis and implementation. [30]

5.5. Process

The process of actor merging is shown in fig.5.11. These steps only show
the process itself, not the reading and transformation steps of integrating the
different actors and networks into the process. For the sake of clarity, this is
omitted here.

5.5.1. Path Enumeration

Before the actors can be merged with each other, the order in which they are
processed within the network must be determined. Firstly, the start vectors
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Path Enumeration

Path Merge

Merging Criteria Check

Actor, Action Integration & FSM and Priority Transformation

Network Generation

Figure 5.11.: Process of Merging actors into a meta-actor

are identified (see section 5.3), i.e. those actors that have no incoming edges.
If there are several independent start vectors, these are considered in parallel
so that several connected sub-networks can be created. Starting from these
start vectors, the network is traversed step by step. The subsequent actors are
determined on the basis of the outgoing edges of each actor already visited.
If an actor is visited several times, there is either a parallel path or a cycle.
If an actor is reached by a second path, this is a join, so it must be ensured
that all dependent actors have been processed first before this join. If, on the
other hand, an actor is visited again and a reconnection points to itself, this is
a cycle. In this case, the second visit is ignored in order to avoid infinite loops
in the sorting. Sorting ensures that new actors are always added and that
only connected actors are considered together. Since it was specified at the
beginning that only connected actors may be merged, the resulting list contains
all relevant actors in a topologically ordered sequence after a finite number of
steps. It is also taken into account that actors can lie in parallel if several
independent paths exist. The handling of parallel structures is particularly
important: If there are several parallel paths in the network, it is ensured
that all actors are placed in the correct order before a join. Only then is the
actor that depends on several predecessors processed. This ensures that all
the necessary data is available before an actor that is fed by several paths is
executed.
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5.5.2. Check Criteria

In this section, the restrictions and criteria presented in the previous section
5.2 are systematically checked to determine whether it is even possible to merge
the actors. This check ensures that all the necessary conditions are met before
the actual merging can be carried out. If even one of the defined conditions
is not met, the merging must be cancelled or alternative adjustments must be
made in order to fulfil the requirements. As soon as it has been determined
that merging is possible, the actual process of merging the actors begins.

5.5.3. Token Overflow

To enable the merging of actors, the concept of token overflow is introduced.
Token overflow is a key figure that indicates for each edge in the network how
many tokens the source actor writes to this edge and how many tokens the
recipient consumes from the edge.
In addition, the token overflow also takes into account the behaviour of other
actors in the network, in particular their token production and consumption.
This creates a comprehensive relationship that not only describes the direct
connection between two actors, but also their interactions with other actors.
The algorithm calculates the token overflow for all internal edges, i.e. for all
connecting edges between actors that are to be merged into a single meta-actor.
This step is important in order to identify where internal buffers are required
in the network.
If the calculated token overflow for an edge is greater than zero, this means
that tokens must be temporarily stored at this point. In such cases, an internal
buffer is inserted between the affected actors to ensure that the data can be
forwarded and processed correctly.
The token overflow is calculated based on a defined sequence of the actors to
be merged. Each actor is considered in turn according to this sorted sequence.
All incoming edges are analysed for each of these actors. If the source actor
of an incoming edge has not yet been considered in the sequence, it is an edge
that originates from a later actor. Such edges are referred to as backward
edges.
Initially, the token overflow is zero for all edges. As backward edges have
special properties, the token overflow for these edges is set to the value one
(1) by default. Backward edges are used to transfer tokens to previous actors
in the network. To ensure that these tokens can be cached correctly and
processed later, an internal buffer is mandatory for each backward edge. This
buffer ensures that the retransfer of the tokens is possible independently of the
processing of other tokens in the system.
In the next step, the amount of tokens produced and consumed is calculated for
each incoming edge of an actor. These calculations are based on the respective
data rate of the edge, whereby the amount of tokens produced and consumed is
written to the edge. If the calculated value is not equal to zero, this is recorded
on the edge accordingly; otherwise the value remains set to zero.
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If one of the edges involved - whether incoming or outgoing - has a repeat
function, this is also included in the calculation. A repeat function means that
tokens can be processed or sent multiple times, depending on certain input
variables. As these repetitions are dynamic and cannot be clearly calculated
in advance, the token overflow is also set to one (1) by default to ensure that
possible token returns can be handled properly. In addition, if an internal
buffer is recognised on one of the incoming edges, it is also necessary to insert
a buffer on all other incoming edges of the same actor. This serves to ensure
the consistency and synchronisation of processing and prevents tokens from
being lost or processed unevenly.

5.5.4. Path Merge

The original token flow of the network must be retained. This is essential to
guarantee that the logic of the original network is not changed. To achieve this,
all start actors are first identified. These are either actors without incoming
edges or those that are already initialised with enough tokens so that they
can fire immediately. These start actors are processed first, as they are the
first elements in the network’s token flow. Once the start actors have been
processed, all subsequent actors with a token overflow of zero are considered.
Actors with an overflow of zero fire exactly when their predecessors fire and
provide the required tokens. Therefore, they are immediately included in the
processing as soon as their predecessors have been executed. The central step of
this process is controlled by a while loop that runs as long as at least one actor
that receives tokens via an internal buffer fires. This means that the actor has
excess tokens after firing and can therefore activate further subsequent actors.
Within this loop, all actors that have already been processed are considered
again in order to activate their subsequent actors. If a subsequent actor has a
token overflow of zero, it is executed immediately after its predecessor, as its
firing depends directly on it. Particularly relevant is the case in which an actor
with a token buffer exists, followed by an actor with a token overflow of zero.
In this case, it is ensured that the subsequent actor is executed exactly when
its predecessor fires. This ensures the correct token flow by guaranteeing that
tokens are passed on exactly as intended in the original network. Actors with
a positive token buffer allow other actors to fire again in a later iteration of
the loop if the necessary tokens are still available. This mechanism preserves
the token flow of the original network, as all actors are executed with the same
dependency on each other as in the original model. The order of execution
follows directly from the token flows without the need for additional sorting.
This ensures that the merging process does not change the behaviour of the
original network, but only creates a more efficient structure for executing the
same computations.

5.5.5. Input Parameters

If an actor has input parameters that are determined by the network, it is
necessary that these input parameters are also adopted for the newly created
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meta-actor. This means that all input parameters of the original actor must
be inserted as input parameters of the meta-actor. It is also necessary to adapt
the network accordingly in order to integrate these input parameters correctly
and to adapt the connections to the corresponding sources or other actors in
the network.

5.5.6. Functions and Initialisation

In a network of actors that are merged into a meta-actor, not only the input
variables must be adopted, but also the associated initialisation functions and
methods. This ensures that the meta-actor maintains the same behaviour
and functionality as the individual, merged actors. An important part of this
process is the transfer of functions and initialisation logic originally defined in
the individual actors.

If an actor in the original network has an initialisation function such as
initialize, this logic must be transferred to the meta-actor and also defined
there. This means that all functions that are defined in the original actor
as part of the initialisation process or as regularly executed procedures are
replicated in the meta-actor. The meta-actor therefore adopts all relevant
methods that are present in the original actors and ensures that they can be
executed during the operation of the meta-actor.

For example, an actor could have a native initialisation procedure such as
native_source_init, which depends on an external source. This function
could look like this:

@native procedure native_source_init(int ind)

end

This function is then integrated into the initialise procedure in the meta-
actor:

initialise ==>

do

native_source_init(tag);

end

This ensures that the specific initialisation logic that was required for the
original actor is also executed in the meta-actor. The method native_source_init

is called for the corresponding tag or index of the actor.
In addition to the initialisation logic, all other functions that are defined

within the original actor must also be transferred to the meta-actor. This
includes functions that control the logic of the actor during operation, such as
data processing or state changes. A typical function could look like this:

@native function native_source_produce(int ind) --> int(size=SAMPLE_SZ)

end
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This function, which produces a certain number of samples, is also defined
in the meta-actor and must be called correctly there to ensure that the func-
tionality of the meta-actor matches that of the individual actors.

The integration of the original functions into the meta-actor is based on the
structure of the meta-actor, with each function and procedure being transferred
to the corresponding sections of the meta-actor. The meta-actor is designed
in such a way that it takes over the aggregated tasks of all merged actors and
executes their respective logic correctly.

For example, the meta-actor could perform the following tasks

• Initialisation: The initialisation functions of each individual actor are
executed when the meta-actor is started to ensure that all input variables
and states are set correctly.

• Data production: Functions that produce data (e.g. native_source_produce)
are called in the meta-actor and ensure that the data flows from the orig-
inal actors are generated and passed on correctly.

• State Transitions: State changes and transitions defined in the original
actor are handled in the meta-actor according to the specifications of the
individual actors so that the meta-actor is able to coordinate the various
states and transitions.

5.5.7. Input Ports

The first step is to check whether the action under consideration requires input
tokens that originate from external sources, i.e. from outside the actors to
be merged. If this is the case, the corresponding input ports are integrated
into the meta-actor. These ports are provided with variables that enable the
meta-actor to process and forward the required input tokens correctly. This
ensures that the action can be executed correctly. If the action also requires
input tokens from the network of the actors to be merged, it must be checked
whether these tokens are directly accessible or must be loaded from a buffer.
This decision depends on how the tokens are distributed within the network
and whether they are available at the required time in the calculation. If
the tokens are not immediately accessible, they must be extracted from a
buffer. In the network under consideration, each input connection represents a
connection (edge) between two actors. This edge represents the communication
relationship between the actors and defines how tokens are exchanged between
them. In this context, each edge is used as a key in a so-called token difference
map. If the token difference map returns the value zero for a particular edge,
this means that the preceding actor produces exactly the amount of tokens
that the following actor consumes. Under these conditions, there are no further
dependencies between the two actors. This means that the subsequent actor
can be executed immediately as soon as the previous actor has completed
its calculation. Whether a buffer needs to be implemented depends on the
previously calculated (token overflow). If this value is not equal to zero, a
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buffer is required to process the data correctly. However, if the value is zero,
no additional buffer is required.

Code snippet fig.5.12 loads three and two tokens from two input buffers
(b0, b1) moves the remaining elements in the list to the correct position using
the For loop and then updates the buffer size.

Load tokens from b0:
i0_0 b0[0]
i0_1 b0[1]
i0_2 b0[2]

Load tokens:
for each i 2 0 . . . b0_b_s� 3 do

b0[i] b0[i+ 3]
end for
update size of the buffer b0:
b0_b_s b0_b_s� 3

Load tokens from b1:
i1_0 b1[0]
i1_1 b1[1]

Load tokens:
for each i 2 0 . . . b_1_b_s� 2 do

b1[i] b1[i+ 2]
end for
update size of the buffer b1:
b1_b_s b1_b_s� 2

Figure 5.12.: Pseudocode: How to load tokens from buffers

The availability of the required tokens is checked individually for each in-
put port. If the buffers contain sufficient elements, the meta-actor action can
be executed. Otherwise, the action is skipped. If the check is successful, the
tokens referenced in the variable names of the input tokens are successively
removed from the buffer, whereby the buffer contents are moved accordingly
and the number of elements stored in the buffer is reduced by the number of
tokens removed. This operation is performed at the start of the action execu-
tion for all input ports.

5.5.8. Integrating FSM-Structure

An important step in the algorithm is to check whether the actor that is now
to be integrated into the meta-actor has different states. An actor can have
several states in which different actions are executed. If the actor actually has
different states, a so-called state variable is created for this actor, which saves
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the current state of the actor. This state variable makes it possible to track the
state of the actor and ensure that each action is only executed in the correct
state.

Once the state variable has been created for the actor, the algorithm proceeds
to add the actions of the actor.Before an action is integrated into the ‘meta-
action’ of the new meta-actor, however, some preparations must be made.
Firstly, the actions of the actor must be sorted according to priority. This
means that the algorithm performs a sorting that ensures that actions with a
higher priority are executed first, while actions with a lower priority follow.
The next step is to check whether the respective action is also executed in the
correct state of the actor. Before the action is integrated into the meta-action
of the new meta-actor, the algorithm inserts a query that checks whether the
state variable of the actor matches the state in which the action is to be ex-
ecuted. This ensures that each action is only executed if the actor is in the
corresponding state.
If several actions can be executed within a certain state, the algorithm will use
the priority of the actions to decide which action is inserted first. The action
with the highest priority is included in the meta-action first. All other actions
are then included in descending order of priority using ‘if-else’ queries. If two
actions have the same priority, they are inserted in the order in which they
were originally defined in the actor.
This precise handling of states and priorities ensures that the actions are em-
bedded correctly and in the right order in the meta-actor so that all the logic
of the individual actors can continue to be merged consistently and without
errors.

5.5.9. Guard Conditions

A key aspect of merging multiple actors is the correct handling of guard condi-
tions, which define certain conditions under which an action may be executed.
Each actor to be merged can have guard conditions, which can vary depending
on the current state of the actor, as an actor can be in different states and
therefore have different guard conditions for different actions depending on the
state. If an actor has defined guard conditions for certain actions, these con-
ditions are considered separately in the course of the merging and integrated
before the actual code section of the actor, which means that the guard condi-
tions are extracted from the original code of the actor and added as separate
check conditions in the new meta-actor to ensure that these conditions are also
checked correctly after the merging. Before an action of an actor is actually
executed, a multi-stage check process is run through, which starts with check-
ing whether the actor is in the correct state required to perform the action.
It then checks whether there are enough input tokens to be able to perform
the action, whereby these tokens can be provided both externally and inter-
nally in the network. The actual guard condition associated with the action
to be checked is then evaluated based on the conditions that were originally
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defined in the actor. If this guard condition is fulfilled, the action is executed,
but if it is not fulfilled, either the action is skipped or a check is made to see
whether an alternative function of the actor exists whose guard condition is
fulfilled. Another important point when merging actors is the prioritisation
of individual actions, where each action is assigned a predetermined priority,
and those with higher priority are evaluated before others. During integration,
the actions are linked in such a way that only one action can be executed at
a time, which is ensured by a hierarchical linking of the conditions so that the
action with the highest priority, whose guard condition is fulfilled, is always
executed. If there are no priorities between the actions of an actor, the actions
are integrated into the meta-actor in a random order. [29]

5.5.10. Actual Action

Once the processing of the input ports has been completed, the main part of
the action, the so-called body, can be taken over. At this point, all the required
input tokens are already available in the meta-actor so that they can be used
in the action body. The tokens that were determined in the previous steps of
the process and, if necessary, loaded from buffers, are now available and can
be used without restrictions to continue the calculations of the original action.
Firstly, all variables defined in the var block of the original action are trans-
ferred to the var block of the meta-actor. This step is necessary to ensure
that all variables used in the action are correctly available in the meta-actor.
However, if there are variables that are defined differently depending on cer-
tain guard conditions (conditions that control the execution of the action), this
definition is not transferred directly to the var block.
Instead, these special variables are moved to the Do block of the meta-actor.
There, they are assigned to the corresponding guard conditions so that they
only receive a different definition if the corresponding conditions are met. This
ensures precise and context-dependent control of the variables within the meta-
actor.
Once all variables have been correctly adopted and assigned, the actual action
body is adopted in full. This means that all calculations and operations that
were originally defined in the action to be merged are now executed in the
same form and sequence in the meta-actor. The logic of the action is therefore
completely retained and the calculations can be carried out in exactly the same
way as in the original.
At the end of the action, the calculated results are available in the original
output variables of the action to be merged. These output variables contain
the final values that were calculated in the original action.

5.5.11. Output Ports

The output of the action is now handled in the same way as the processing
of the input ports. An in-depth check is carried out for each output port to
determine whether it belongs to one of the actors to be merged. This check
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is necessary to determine whether the output port needs to be integrated into
the meta-actor.
If this is the case, the output port is transferred to the meta-actor and the cor-
responding variables associated with this output port are also assigned. These
variables are important in order to transfer the data correctly between the
actors and to ensure that the action functions correctly.
However, it must be noted that in some cases the meta-actor can perform in-
ternal calculations without continuously or always generating an output. This
means that tokens are not written to the output port in every calculation step.
Rather, the decision as to whether output tokens are produced depends on
certain conditions that are defined within the meta-actor.
The number of output tokens generated can also vary depending on the cur-
rent state of the actor. This state is tracked by a state variable that reflects
the current state of the actor. The state directly influences how many tokens
are generated and whether tokens are output at all. For example, the actor
may not generate any output tokens in a certain state, or it may produce more
tokens than expected in another state. This state dependency of the output
must be mapped in the meta-actor in order to correctly simulate the behaviour
of the actor to be merged and enable consistent further processing.
If an actor has output ports and the number of tokens produced depends on
the internal state of the actor, it is possible that an output is not produced
in every calculation step. This poses a challenge when merging several actors
into a meta-actor, as it must be ensured that the original logic of the token
output is correctly adopted. To solve this problem, two central mechanisms
are introduced in the meta-actor.
Temporary storage of output tokens as it is not guaranteed that tokens are
written to the output port in every calculation step, a general list is created in
the meta-actor. This list stores tokens temporarily so that they are not lost if
the calculation is continued without a direct output. Storage of the previous
output status: In addition, a variable is introduced that stores whether tokens
were written to the output port in the previous calculation step. This variable
serves as an indicator for the status of the output:
If tokens were output in the last calculation step, the variable is set to true.
If no tokens were issued, the variable remains false. The supplementary action
that implements this logic must have a higher priority than the regular actions
of the meta-actor. This means that this action is executed before the regular
processing of the other action steps. This ensures that the cached tokens are
checked and output before other calculations or state changes take place that
could also affect output tokens.
This additional action uses the stored variable as a guard condition: If the
variable has the value true, this means that tokens were written in the previ-
ous calculation step. In this case, the supplementary action ensures that the
tokens from the buffer are written to the corresponding output port.
If the variable is false, no output takes place, as no tokens would have been
output in this state in the original system either. This mechanism ensures
that the meta-actor correctly replicates the original logic of the actors to be
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merged. Each output port receives exactly the tokens that it should receive
according to the state of the system, regardless of whether the calculation steps
continuously produce tokens or not.
This approach is implemented for each output port and for each actor that
generates output tokens to ensure consistent and correct transmission of the
original token output.

It is also possible that no direct write accesses to the output ports of the
action take place. Instead, the edges of the outgoing tokens may refer to sub-
sequent actors that are located within the set of actors to be merged.
In this case, it is necessary to use the token difference map again to check
whether the tokens on the corresponding edge can be processed directly in the
subsequent actor or whether they must first be stored temporarily.
If the tokens are required immediately in the next actor and the number of
tokens produced corresponds exactly to the number of tokens consumed, they
can be passed on without intermediate storage. The next actor can process
the tokens directly as soon as they have been issued by the previous action.
However, if there is a discrepancy between the number of tokens produced
and consumed, intermediate storage is required. In this case, a new buffer is
created as a list to temporarily store the tokens. This buffer is assigned to the
edge in question and ensures that the tokens are available in the correct order
when they are needed.
fig.5.13 shows the pseudocode of how internal tokens are stored in two different
buffers (b1, b2). Each buffer is assigned the number of tokens to be loaded into
it and then increases the current buffer size (b1_b_s, b2_b_s) of the corre-
sponding buffers by the number of added tokens.

Output 1 Generation:
b1[b1_b_s]  o0_0
b1[b1_b_s]  o0_1
b1[b1_b_s]  o0_2
b1[b1_b_s]  o0_3
b1[b1_b_s]  o0_4
b1[b1_b_s]  o0_5
b1[b1_b_s]  o0_6
b1[b1_b_s]  o0_7
b1_b_s  b1_b_s +8

Output 2 Generation:
b2[b2_b_s]  o1_0
b2[b2_b_s]  o1_1
b2[b2_b_s]  o1_2
b2[b2_b_s]  o1_3
b2[b2_b_s]  o1_4
b2_b_s  b2_b_s +5

Figure 5.13.: pseudocode: how to store items in intern buffers
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The maximum length of this buffer is determined by the following two calcu-
lations, with the larger value being used: The product of the number of tokens
produced on the edge and the repeat factor of the producing side (see section
2.6).
The product of the number of incoming tokens multiplied by two and the re-
peat factor of the consuming side. In addition, a variable is introduced that
stores the current length of the buffer. This variable is set with an initial value
of zero. In the next step, the algorithm checks which tokens are written to
the original output port. These tokens are appended to the list in the order
in which they were created. In the same step, the buffer length variable is
updated according to the number of tokens added.

5.5.12. Priorities

The following section explains the concept of priorities, which plays a central
role in the execution of the actions of actors in the algorithm. The original ac-
tors can perform different actions with different priorities. During the merging
process, these priorities are transferred to the so-called ‘meta-actor’ and sorted
in descending order. This means that the action with the highest priority is
always inserted first, followed by the other actions in decreasing priority.
In order to execute the actions correctly, an if-else-else query is used to call
up the appropriate action of an actor. By ensuring that the actions are sorted
correctly, the original functionality of the actor is retained. This means that
only the highest prioritised action is executed first, followed by the lower pri-
orities, thereby maintaining the desired order of actions.
A practical example to illustrate this: Suppose an actor has three possible ac-
tions - A, B and C, with priorities A > B and B > C (where A is the highest
priority). If this actor is inserted into the meta-actor, the actions are arranged
in the order A (priority 1), B (priority 2) and C (priority 3). In the code, the
various actions would then be checked one after the other, if necessary with
guard conditions, and the action with the highest priority that fulfils all guard
conditions would be executed fig.5.14.

if (A) then

...

else if (B) then

...

else (C) then

...

Figure 5.14.: CAL Code - priority handling
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5.5.13. Network Generation

In this step, a new XML representation of the data flow network is created that
integrates the newly introduced actor. This ensures that all relevant changes
and adjustments are made in order to correctly map the new structure while
maintaining the integrity of the network.
Firstly, the actor instances that are not involved in the merger are transferred
unchanged to the new representation. These actors are simply copied so that
their existing connections and properties are retained. However, the connec-
tions of these actors to the actors involved in the merger must be adapted.
Instead of continuing to refer directly to the original actors, they are now
redirected to the corresponding ports of the new actor. All attributes of the
original connections are retained and transferred to the new connections. This
ensures that communication in the network continues to function as expected.
For the actors involved in the merger, all parameter definitions are adopted
and used for the new actor. The system checks whether the original parameter
identifiers can be transferred to the new network. If this is not possible due to
name conflicts or other factors, the parameter identifiers are adapted so that
they are unique and conflict-free. These adjustments are necessary to ensure
that each property can be uniquely identified, which is crucial for the rest of
the network process.
Another important aspect of network generation is the management of port
names and parameter names. These must be known and consistent at all times,
as they can be adjusted during the process to avoid any naming conflicts. In
this step, all port and parameter names are therefore carefully checked and
changed if necessary to prevent collisions and ensure uniqueness in the net-
work.
At the end of this step, the updated network is completely generated in the
XML representation.
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In the previous chapter, the developed algorithm was presented, the purpose of
which is to merge actors in networks using a process called token buffering and
to create a so-called meta-actor from this. This algorithm makes it possible
to efficiently merge several actors into a single actor, which can lead to im-
proved clarity and potential performance improvements, especially in complex
networks.
In the following, the functionality of the algorithm is demonstrated using an
exemplary network with nine actors. This network is processed step by step
by the algorithm, whereby the merging process is described in detail. The re-
sult of this process is a single meta-actor that integrates all the functions and
connections of the original actors. This demonstration is intended to illustrate
the effectiveness and efficiency of the algorithm and its applicability to larger
and more complex networks.
The developed algorithm is then tested with regard to its efficiency using a
suitable data set. The runtimes determined in the process are compared with
the existing RAM algorithm [30] and with the original runtime before the to-
ken buffering approach was applied. This comparison serves to quantitatively
illustrate the improvements in terms of runtime reduction and resource util-
isation and to evaluate the advantage of the newly developed algorithm over
established methods.
After analysing the test results on the various benchmarks, the algorithm de-
veloped in this thesis is compared with the RAM algorithm. It is shown in
which scenarios the respective algorithms show their strengths and under which
conditions the application of one algorithm could be more favourable than the
other.

6.1. Example

In order to explain the presented algorithm in detail, it is applied to a spe-
cific network from the orc-apps [36]. This is a modified version of the IIR-
lowlevel.xml network (see fig.6.1), which was developed as a subnetwork of the
DigitalFiltering project. This project was created by Jani Boutellier at the
Department of Computer Science and Engineering at the University of Oulu,
Finland.

The modification of the network includes in particular the addition of two
extra nodes. Firstly, an additional duplication node was added, whose task is
to duplicate incoming tokens, i.e. to generate two outgoing tokens from one
incoming token. This duplication is crucial for the further processing of data
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paths in the network and ensures that parallel calculations are possible.
Secondly, the network was supplemented by a further right shift node, which
is used to manipulate data values by means of shift operations.

source

mul_1

add_1

dup

rshift_1 rshift_2

sink mul_2

delay_1

Figure 6.1.: IIR-network

A central characteristic of this network is the existence of a circle consisting
of the nodes add_1, dup, rshift_2, mul_2 and delay_1. This loop forms a
feedback loop that is run through repeatedly and thus enables cyclical data
processing. The existence of such cycles poses particular challenges for the al-
gorithm, as not only linear data flows but also recursive data structures must
be handled correctly in order to achieve reliable results.
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Input Actor Output Actor Token Overflow
source mul_1 0
mul_1 add_1 1
delay_1 add_1 1
add_1 dup 0
dup rshift_1 0
dup rshift_2 0
rshift_1 sink 0
rshift_2 mul_2 0
mul_2 delay_1 1

Table 6.1.: Token-Overflow IIR_lowlevel

The network is made up of a total of nine individual actors. These actors
each perform specific tasks in the data processing process and communicate
with each other via directed edges that define the token flow. The algorithm
used aims to combine these individual actors into a single meta-actor. This
merging process is known as Actor Merging and serves to optimise the network
by avoiding redundant calculations and making data flows more efficient. The
CAL code of the individual actors and the XML file of the network can be
found in the appendix fig.B.1. By applying the algorithm to this network,
the aim is to check whether the algorithm is able to correctly calculate the
maximum buffer size and optimise network performance, even with complex,
cyclical structures.

The algorithm is now applied to the network, whereby the first step is to
check whether the criteria for merging according to section 5.2 are fulfilled.
These criteria are checked one after the other, and since all conditions are met
in our example, the algorithm can continue with the calculation.

In the next step, the maximum buffer size is determined using the incidence
matrix. In our network, this size is one. This maximum buffer size is crucial
as it is later used to determine the maximum list length of the internal buffers,
which in this example also has the value one. Once the maximum buffer size
has been successfully calculated, the algorithm determines the token overflow
between the individual actors to be merged. This is done for all internal edges
of the network tab.6.1.

Now we can start integrating the actors to be merged. Since we are merging
the entire network, the newly created meta-actor no longer has any outgoing or
incoming edges. As all edges are in the merged network. We now go through
the network in the sorted order of the actors and follow the algorithm step
by step. The first actor that is added to the meta-actor is the original source
actor fig.B.8.
If this actor is integrated into a meta-actor, the entire logic of the actor is
transferred to the meta-actor. This includes both the initialisation logic and
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the production logic. The meta-actor will be able to execute the initialize

and action procedures for all merged actors to replicate the behaviour of the
individual actors and perform the desired calculations correctly.

The native initialisation and production functions are adopted in the meta-
actor so that it is able to obtain and process the corresponding data from the
external source as intended in the original actor. The actual action of the actor
is taken over and integrated into the new meta-action of the meta-actor.
The next step involves analysing the outgoing edges of the actor. The actor
has a function with an outgoing edge that refers to the subsequent actor. In
this example, this would be the mul_1 actor. To understand the process, the
outgoing edge is considered in more detail. The token overflow is calculated
for this edge. The result shows that the token overflow is zero. This means
that the number of outgoing tokens matches the number of incoming tokens. It
follows that the outgoing token can be stored in a buffer variable in order to be
processed directly in the next step. As this is an internal edge, the temporary
storage is integrated into the action of the meta-actor fig.6.2.

gen_6 := native_source_produce ( tag ) + offset;

Figure 6.2.: CAL Code - merged Actor source part

The next actor is now integrated into the meta-actor. The next actor in
the network, after the correct sorting of the actors to be merged, is the actor
mul_1. This actor has both an input edge and an output edge. The mul_1
actor receives a token via its input edge and performs a multiplication with
a constant number, which is inserted into the network as a parameter. The
result of the calculation is then passed on to the output edge. This parameter,
which defines the constant, is also taken from the network and integrated into
the meta-actor as an input parameter.
The token overflow is checked for each incoming edge of the actor. In this
case, the result is a token overflow of zero, which means that the number of
incoming tokens matches the number of outgoing tokens. Therefore, no tokens
need to be taken from a buffer. Instead, the previously calculated variable (in
this case gen_6) can be used to continue the calculations.
The result of the multiplication is then calculated using the parameter and
then the token is passed to the output edge. The output edge has a token
overflow greater than zero, which means that a buffer is required to temporar-
ily store the output tokens.
The algorithm now creates a list within the actor that describes the maximum
number of buffers required to temporarily store the tokens. A variable that
counts the number of elements in the buffer is initially set to zero. As soon
as the result is calculated, the output token is added to the buffer and the
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number of tokens contained in the buffer is increased to one fig.6.3.

x := gen_6;

buffer_mul_1_add_1[buffer_mul_1_add_1_size]

:= x * constant;

buffer_mul_1_add_1_size :=

buffer_mul_1_add_1_size + 1;

Figure 6.3.: CAL Code - merged Actor mul_1 part

In the next step, the add_1 actor is integrated into the meta-actor. The
add_1 actor has two input edges, both of which are checked in order to calcu-
late the token overflow. The algorithm determines that the token overflow for
both input edges is not equal to zero. This means that a buffer is required for
each of the two edges to temporarily store the tokens.
The algorithm now checks whether there are enough tokens in the buffers so
that the actors can be executed. If there are not enough tokens, the actor
would not fire, which would block the calculations in the network. However,
if there are enough tokens in the buffer, these tokens are used for the calcula-
tions. The add_1 actor loads a token from the corresponding buffer for each
of the two input edges and performs the addition. The calculation is added
as part of the action of the meta-actor, whereby the loaded tokens are used as
input values.
Following these calculations, the result is stored on the output edge of the
add_1 actor. As the token overflow for this edge is greater than zero, a buffer
is also required here to store the result. The algorithm creates a buffer for the
output edge and stores the calculated token there fig. 6.4.
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if buffer_mul_1_add_1_size - 1 >= 0 &&

buffer_delay_1_add_1_size - 1 >= 0 then

x := buffer_mul_1_add_1[0];

foreach int gen_15 in 0 ..

buffer_mul_1_add_1_size - 1 do

buffer_mul_1_add_1[gen_15] :=

buffer_mul_1_add_1[gen_15 + 1];

end

buffer_mul_1_add_1_size :=

buffer_mul_1_add_1_size - 1;

y := buffer_delay_1_add_1[0];

foreach int gen_18 in 0 ..

buffer_delay_1_add_1_size - 1 do

buffer_delay_1_add_1[gen_18] :=

buffer_delay_1_add_1[gen_18 + 1];

end

buffer_delay_1_add_1_size :=

buffer_delay_1_add_1_size - 1;

gen_19 := x + y;

run := true;

Figure 6.4.: CAL Code - merged Actor add_1 part

For the other actors, the algorithm runs analogue to the three actors al-
ready presented. In contrast to the actors discussed so far, delay_1 has several
states, which means that the integration process must be extended to include
the management of these states. The handling of states is a central component
of the correct functionality of the meta-actor, as the current state of the actor
directly influences how tokens are loaded and saved.
In order to correctly manage the states of the delay_1 actor in the meta-actor,
a special variable is introduced that stores the current state of the delay_1
actor. This state variable is continuously updated during the execution of the
meta-actor when the state of the delay_1 Actor is changed due to the executed
actions. The state change is based on defined transition rules that determine
how the actor reacts to incoming tokens and produces new tokens depending
on the state.
The loading of the input and output tokens is also influenced by the current
state of the delay_1 actor. The algorithm first checks which state is active and
uses this to decide whether and how many tokens need to be loaded from the
buffers. This decision is based on the predefined rules that describe how the
delay_1 actor behaves in different states. Depending on which state is active,
tokens may either be taken directly from the buffers or new tokens may be
generated and saved.
As delay_1 has different states, the number of incoming and outgoing tokens
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can vary. This requires the provision of buffers for both the inputs and the
outputs to ensure that tokens are loaded and saved correctly. The algorithm
creates separate buffer variables for this, the size of which is determined based
on the maximum number of tokens required during the process.
A significant difference to the previously discussed actors is that with the de-
lay_1 actor, the state variable (state) is adjusted accordingly after a state
change has been successfully executed. This means that after each executed
action, it must be checked whether a state change has taken place and, if so,
the state variable must be updated. This mechanism ensures that the meta-
actor correctly maps the internal state of the delay_1 actor at all times and
can react to changes fig. 6.5.
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if (delay_1_state = "s_delay") && count < delay then

count := count + 1;

delay_1_state := "s_delay";

buffer_delay_1_add_1[buffer_delay_1_add_1_size] := value;

run := true;

else if (delay_1_state = "s_delay") then

if buffer_mul_2_delay_1_size - 1 >= 0 then

x := buffer_mul_2_delay_1[0];

foreach int gen_46 in 0 ..

buffer_mul_2_delay_1_size - 1 do

buffer_mul_2_delay_1[gen_46] :=

buffer_mul_2_delay_1[gen_46 + 1];

end

buffer_mul_2_delay_1_size :=

buffer_mul_2_delay_1_size - 1;

delay_1_state := "s_run";

buffer_delay_1_add_1[buffer_delay_1_add_1_size]

:= x_3;

buffer_delay_1_add_1_size :=

buffer_delay_1_add_1_size + 1;

run := true;

end

else if (delay_1_state = "s_run") then

if buffer_mul_2_delay_1_size - 1 >= 0 then

x := buffer_mul_2_delay_1[0];

foreach int gen_46 in 0 ..

buffer_mul_2_delay_1_size - 1 do

buffer_mul_2_delay_1[gen_46] :=

buffer_mul_2_delay_1[gen_46 + 1];

end

buffer_mul_2_delay_1_size :=

buffer_mul_2_delay_1_size - 1;

delay_1_state := "s_run";

buffer_delay_1_add_1[buffer_delay_1_add_1_size]

:= x_3;

buffer_delay_1_add_1_size :=

buffer_delay_1_add_1_size + 1;

run := true;

end

else if (delay_1_state = "s_init") then

count := 0;

delay_1_state := "s_delay";

run := true;

end end end end

Figure 6.5.: CAL Code - merged Actor delay_1 part68
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6.2. Speed Improvements

A key approach to optimising the existing algorithm is to reduce the number
of queries regarding the current state of an actor. Currently, each state of an
actor is defined within the Do part of the actor, which results in the algorithm
performing a separate if query for each individual state. This problem is fur-
ther exacerbated if there are multiple actions within a single state. In such
cases, the algorithm must check for each action whether it may be executed in
the current state, which leads to a potentially large number of if queries that
not only make the code more confusing, but also lead to increased computing
times.
To reduce these inefficiencies, the algorithm could be restructured so that the
state logic is reintegrated into the FSM scheduling. By controlling the state
changes and their associated actions centrally within the FSM scheduling, the
number of queries required can be significantly reduced. Such a change would
have several potential benefits. Firstly, bringing the state logic back into FSM
scheduling avoids the need to manually check each action.
Instead, the state decision is centralised, which reduces the number of if queries.
Secondly, the lower computing effort would potentially improve the speed of
the algorithm. Thirdly, the simplification of the code through the reduction of
if queries contributes to better readability and maintainability. An additional
advantage could be that the clear separation between state logic and action
execution also simplifies the parallelization of the algorithm.

The code could be further optimised by replacing the For loops currently
used to remove an element from the list with a more efficient method. Instead
of searching through the entire list each time, two additional variables could
be introduced to manage the buffer more efficiently. The first variable would
store the position of the first element in the buffer, while the second variable
would mark the position of the last element. This system enables faster access
to the elements in the buffer, as only the position stored in the first variable is
accessed when an element is removed. After access, the first variable is incre-
mented by one to refer to the next element. As soon as this variable reaches
the end of the buffer, it is reset to zero in order to realise a circular buffer.
Similarly, elements are added to the buffer using the second variable, which
always saves the position of the last inserted element. When a new element
is added, the element is saved at the position of the second variable, which
is then incremented by one. As soon as this variable reaches the end of the
buffer, it is also reset to zero in order to continue filling the buffer.
This procedure significantly reduces memory access, as only the two position
variables need to be updated instead of searching through the entire list each
time. As extensive memory operations are no longer required, not only is the
execution speed significantly increased, but memory management is also sim-
plified.
This reduction in memory accesses leads to a higher efficiency of the algorithm,
as the overhead caused by unnecessary loops and memory operations is min-
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imised. In addition, this implementation enables faster processing of buffer
operations, which can have a positive effect on the overall performance of the
system.

6.3. Measurements

For the evaluation of the optimisations developed in this thesis, extensive ex-
periments are carried out with four different, slightly adapted test data sets
from the open source project ORC-Apps [36]. The aim of these experiments
is to quantify the efficiency of the optimisations in terms of runtime improve-
ment.
The tests run on a Raspberry Pi 3 equipped with a Broadcom BCM2711 SoC.
This system is based on a quad-core Cortex-A72 (ARM v8) 64-bit architecture
with a clock speed of 1.8 GHz, has 4 GB of RAM and uses Raspberry Pi OS
as its operating system. This platform was chosen as it is a representative
environment for resource-constrained embedded systems, where efficient code
generation and runtime optimisation play a crucial role. [47]
The measurements utilise a compiler developed by Krebs that translates CAL
code into C++ [29]. This compiler serves as the starting point for analysing
the runtime changes. The standard compiler flags were used throughout the
entire evaluation process, with no explicit modifications made to optimize the
compilation further. First, the original runtime of the test cases is measured
without the optimisations developed in this work. The same code is then
executed with the optimised algorithm in order to analyse the effects of the
improvements on the overall performance. Additionally, for all test datasets,
the channel size was set to 512, ensuring a consistent configuration across all
benchmarks. The measured values obtained are documented in the following
tabular overview tab. 6.2.

IIR_Lowlevel FFT_8 Top_ZigBee Predistortion
OM 1.884s 27.143s 2.366s 20.298s
ITB 0.873s 5.767s 0.085s 30.249s
RAM - 16.408s - 25.435s

Table 6.2.: Comparison of Network Configurations
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Figure 6.6.: Comparison of the Runtimes of the various Benchmarks depending on
the Algorithm used.

6.4. Analysis

This section compares the performance of the two algorithms ITB and RAM
with the original network of actors that are not merged. These two algorithms
are compared with each other based on their performance in four different
benchmarks:

• IIR_Lowlevel,

• FFT_8,

• Top_ZigBee,

• Predistortion.

The section focuses in particular on comparing the runtimes in order to identify
the strengths and weaknesses of each algorithm. The performance of OM, the
original code, is compared with the two optimised variants, ITB and RAM,
which merge the original network into a meta-actor. It is investigated how the
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runtime of the original network changes in comparison to the merged networks
of the two optimised algorithms.

6.5. Algorithm Overview

• OM (Original Code): The OM represents the original network, which
is operated without specific optimisations and adaptations. It serves as
a reference for the other two algorithms. The original code from the orc-
apps is only adapted to the extent that the network of actors functions
correctly with the specified compiler.

• ITB (Internal Token Buffering): ITB (see chapter 5) is a specially
developed algorithm that aims to improve performance. This is achieved
by implementing internal token buffering and merging several actors into
one meta-actor. These optimisations are intended to make the calcula-
tions more efficient and significantly reduce the runtime.

• RAM: The RAM [30] algorithm is also based on the idea of merging
different actors into one meta-actor. However, an important limitation
of the RAM algorithm is that it cannot process feedback loops and cycles.
Therefore, it is not suitable for all benchmarks. This explains why no
measured values are available for some benchmarks such as ZigBee and
IIR_Lowlevel.

6.5.1. Comparison of the Algorithms for each Benchmark

The following benchmarks were selected for the analysis: IIR_Lowlevel, FFT_8,
Top_ZigBee and Predistortion. The following table 6.2 shows the runtimes of
the various algorithms in seconds. The relative percentages are also compared
in order to evaluate the performance of the algorithms fig.6.6.

IIR_Lowlevel (Digital Filtering)

• OM: 1.884 seconds

• ITB: 0.873 seconds

• RAM: No measurement available

Analysis: The IIR_Lowlevel benchmark is crucial for the basic initialisa-
tion and represents an important reference. The OM algorithm with a runtime
of 1.884 seconds is the base value here. At 0.873 seconds, the ITB algorithm
achieves a significant improvement of 53.7%. This reduction in runtime sug-
gests that ITB is able to achieve significantly faster execution through internal
token buffering and possibly optimised calculations. Unfortunately, no mea-
sured values are available for the RAM algorithm because it contains feedback
loops and thus does not fulfill the merging criteria. So this benchmark cannot
be included in the comparison.
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FFT_8 (Fast Fourier Transform)

• OM: 27,143 seconds

• ITB: 5,767 seconds

• RAM: 16,408 seconds

Analysis: The FFT_8 benchmark requires an intensive calculation to per-
form the fast Fourier transform (FFT). The ITB algorithm performs very well
with a runtime of 5.767 seconds and shows an improvement of 78.8% compared
to OM (27.143 seconds). This improvement can be explained by the optimised
token buffering and parallel processing in ITB, which make it possible to make
the FFT calculations more efficient. The RAM algorithm with 16.408 seconds
lies between OM and ITB and shows an improvement of 39.5% compared to
OM. Although a significant optimisation is achieved compared to the original
code, RAM does not come close to the performance of ITB, which indicates the
lack of optimisations in the area of parallel data processing and memory access.

Top_ZigBee (ZigBee Network Algorithm)

• OM: 2.366 seconds

• ITB: 0.085 seconds

• RAM: No measurement available

Analysis: The Top_ZigBee benchmark simulates the network operations of a
ZigBee system. In this case, ITB shows an outstandingly fast runtime of just
0.085 seconds. This represents an impressive improvement of 96.4% compared
to OM, which is 2.366 seconds. This enormous acceleration suggests that
ITB is able to handle network communication extremely efficiently through
optimised data buffering and parallel processing. As no measured values are
available for the RAM algorithm because not all merging criteria are fullfilled.
This benchmark cannot be compared further.

Predistortion (Predistortion for Signal Processing)

• OM: 20,298 seconds

• ITB: 30,249 seconds

• RAM: 25,435 seconds

Analysis: The Predistortion benchmark shows an interesting deviation from
the results of the other benchmarks. The OM algorithm with a runtime of
20,298 seconds represents the best performance compared to the other two
algorithms. ITB takes longer at 30,249 seconds, which indicates the lack of
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significant optimisations in the area of token buffering and parallel processing
for this particular calculation. The RAM algorithm with 25,435 seconds shows
an improvement of 25% compared to ITB and can be considered the most
efficient algorithm in this particular use case. These results indicate that the
optimisations implemented in ITB are not equally beneficial in all scenarios
and may even deliver poorer performance for certain calculations.

6.5.2. Summary and findings

The detailed analysis and the results of the benchmarks highlight the signifi-
cant differences in performance between the three algorithms tested: OM, ITB
and RAM. These differences provide valuable insights into the strengths and
weaknesses of each algorithm, particularly in terms of their ability to perform
different tasks efficiently. By comparing the algorithms on the IIR_Lowlevel,
FFT_8, Top_ZigBee and Predistortion benchmarks, important insights can
be gained into the specific optimisations and their impact on runtime.
ITB shows the best overall performance in most benchmarks and represents
the most efficient algorithm for a variety of scenarios. Of particular note are
the FFT_8 and Top_ZigBee benchmarks, where ITB achieves significant im-
provements over the other algorithms. The use of token buffering and parallel
processing proves to be extremely advantageous. These optimisations enable
ITB to complete the tasks significantly faster and more efficiently.
These results indicate that ITB is the ideal choice for scenarios that benefit
from optimised data buffering. Especially for tasks that require a high number
of calculations and fast data flows, ITB shows outstanding efficiency, which
can be crucial in many modern applications.

Although the RAM algorithm also delivers good results in some benchmarks,
it cannot match the efficiency of ITB. Especially in the benchmarks FFT_8
and Predistortion, RAM achieves a better performance compared to OM, but
does not achieve the same performance as ITB. This is mainly due to the dif-
ferent optimisation approaches that distinguish RAM from ITB in section 6.7.

OM serves as a basic reference and shows the performance of the original
code without special optimisations. The analysis confirms that the original
code is significantly slower than the two optimised algorithms without addi-
tional adjustments and improvements. Particularly in the benchmarks that
require intensive calculations and large amounts of data, such as FFT_8 and
Top_ZigBee, OM performs significantly worse in terms of runtime. This under-
lines the need to implement optimisations such as token buffering and parallel
processing in order to increase the efficiency and speed of the calculations.
However, the performance of OM is an important starting point to measure
the impact of optimisations. The improvement from OM to ITB and RAM
shows impressively how powerful the optimisations can be, especially for com-
plex and data-intensive computations.
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ITB as the preferred choice, but RAM as a useful alternative Overall, it
is clear that ITB is the best choice for most benchmarks. The drastic im-
provement on most benchmarks, especially FFT_8 and Top_ZigBee, shows
that ITB is the best optimised solution for tasks that require high parallelism
and fast data processing. Targeted optimisation through token buffering and
parallel computation has made ITB a highly efficient algorithm that excels in
modern applications that have such requirements. Nevertheless, it is important
to emphasise that the choice of the right algorithm depends not only on the
performance in the benchmarks, but also on the specific requirements of the
application. In scenarios where ITB’s optimisations do not deliver the desired
results or where specialised calculations are required, RAM can be a valuable
alternative. Especially in the case of predistortion, RAM shows that it can
provide a more efficient solution than ITB in certain applications. RAM could
also be relevant in future applications if its limitations, such as the lack of
feedback loops and cycles, are not critical for a particular task. To summarise,
ITB emerges as the most efficient solution for the majority of benchmarks.
However, RAM could be useful in specific scenarios where ITB’s optimisations
do not deliver the desired results. Continuous fine-tuning and adaptation of
the algorithms to specific requirements could lead to further performance gains
in the future and provide the optimal algorithm for an even wider variety of
applications.

6.6. Cache Misses and Their Impact on Performance

In this section, the focus is on the impact of cache misses during the execution
of the two algorithms (ITB, RAM) on the performance of the benchmarks in
comparison to the original code. Cache misses occur when the required data
is not found in the cache, forcing the processor to access slower main memory.
This increases the latency of data retrieval and can significantly degrade per-
formance, especially for computationally intensive tasks. By measuring cache
misses and cache references during the execution of the benchmarks, it can
gain insights into the efficiency of each algorithm in terms of memory access
and data locality.

Cache misses can be particularly detrimental in high-performance scenarios,
as frequent memory accesses can hinder the benefits of parallel processing and
optimised calculations. Therefore, understanding and reducing cache misses is
crucial for improving runtime performance.

6.6.1. Cache Misses for Each Benchmark

The following cache miss statistics were collected for each of the algorithms
across the four benchmarks: IIR_Lowlevel, FFT_8, Top_ZigBee, and Predis-
tortion.
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IIR_Lowlevel (Digital Filtering)

For the IIR_Lowlevel benchmark, cache miss statistics for the original algo-
rithm (OM) and the optimised ITB and RAM algorithms are as follows:

• OM:

– Cache misses: 5,254,790

– Cache references: 2,206,100,829

– Cache miss rate: 0.24% of all cache references

• ITB:

– Cache misses: 227,784

– Cache references: 866,529,334

– Cache miss rate: 0.03% of all cache references

Analysis: The ITB algorithm demonstrates a significant reduction in cache
misses compared to OM. With a miss rate of only 0.03% (compared to 0.24%
for OM), ITB’s optimisations, such as internal token buffering, seem to enhance
data locality and reduce memory accesses. This contributes to the overall per-
formance improvement in IIR_Lowlevel, where ITB achieves a 53.7% runtime
reduction (see section 6.5.1).

FFT_8 (Fast Fourier Transform)

For the FFT_8 benchmark, the cache miss statistics are:

• OM:

– Cache misses: 2,131,585,702

– Cache references: 46,318,681,059

– Cache miss rate: 4.60% of all cache references

• ITB :

– Cache misses: 38,396

– Cache references: 9,135,176,107

– Cache miss rate: 0.00% of all cache references

• RAM:

– Cache misses: 36,581

– Cache references: 36,600,833,578

– Cache miss rate: 0.00% of all cache references
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Analysis: The cache miss rate for OM is significantly higher at 4.60%,
compared to the near-zero miss rates for ITB (0.00%) and RAM (0.00%).
This suggests that ITB and RAM both perform exceptionally well in terms of
memory access efficiency, significantly reducing cache misses compared to the
original code. The reduction in cache misses likely contributes to the improved
performance of these optimised algorithms, as lower cache miss rates result in
faster data retrieval and overall quicker execution times.

Top_ZigBee (ZigBee Network Algorithm)

For the Top_ZigBee benchmark, the cache miss statistics are as follows:

• OM:

– Cache misses: 328,529

– Cache references: 2,263,803,158

– Cache miss rate: 0.01% of all cache references

• ITB:

– Cache misses: 23,992

– Cache references: 50,465,552

– Cache miss rate: 0.05% of all cache references

Analysis: In the case of Top_ZigBee, the cache miss rate for ITB is slightly
higher than for OM, but the overall number of cache misses is still relatively
low. Despite this, ITB achieves an impressive performance improvement due
to its optimised data buffering and parallel processing. The higher miss rate
may reflect the increased complexity of handling network communication, but
it is still not the primary factor limiting performance.

Predistortion (Signal Processing)

For the Predistortion benchmark, the cache miss statistics are:

• OM:

– Cache misses: 1,197,713,129

– Cache references: 58,347,548,118

– Cache miss rate: 2.05% of all cache references

• ITB:

– Cache misses: 1,624,904,865

– Cache references: 39,934,061,423

– Cache miss rate: 4.07% of all cache references

• RAM:
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– Cache misses: 1,443,346,401

– Cache references: 34,469,610,177

– Cache miss rate: 4.19% of all cache references

Analysis: The Predistortion benchmark reveals an interesting scenario
where both ITB and RAM have significantly higher cache miss rates than
OM, with ITB having a miss rate of 4.07% and RAM slightly higher at 4.19%.
This suggests that the optimisations made in ITB and RAM, which focus on
improving the overall algorithmic performance through parallelism and actor
merging, may involve complex memory access patterns that increase cache
misses. However, the overall performance of ITB and RAM still improves,
indicating that other factors, such as parallelism and task decomposition, out-
weigh the increased memory access costs.

6.6.2. Summary of Cache Miss Analysis

From the analysis of cache misses across the four benchmarks, several impor-
tant observations can be made:

• In benchmarks such as IIR_Lowlevel and Top_ZigBee, ITB demon-
strates a significant reduction in cache misses compared to the OM al-
gorithm. This suggests that ITB’s optimisations, such as internal token
buffering, result in better memory access patterns and enhanced perfor-
mance.

• For the FFT_8 benchmark, the original code (OM) exhibits a relatively
high cache miss rate of 4.60%, which indicates that memory access is a
significant bottleneck. The higher cache miss rate in the original code
suggests that data retrieval from memory is slower, which likely con-
tributes to the longer runtime observed in the OM case. In contrast,
both ITB and RAM exhibit very low cache miss rates, with values near
0.00%, indicating that memory access is no longer a major limiting factor
in these optimised versions. This reduction in cache misses suggests that
both optimised algorithms handle memory more efficiently.

• The Predistortion benchmark shows that despite a higher cache miss
rate for ITB and RAM, both optimised algorithms still achieve better
performance than OM. This highlights the trade-off between optimised
computation and increased memory access costs, where the algorithmic
improvements outweigh the memory penalties in terms of overall perfor-
mance.

6.6.3. Further Insights on Cache Efficiency

The analysis of cache misses across the evaluated benchmarks not only sheds
light on the memory access behaviour of the different algorithms but also allows
for a deeper interpretation regarding their overall cache efficiency. This concept
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refers to the effectiveness with which the cache hierarchy is utilised—i.e., how
often the processor finds the needed data in faster cache levels without resorting
to slower main memory. More formally, cache efficiency can be expressed as
the ratio between the number of successful cache accesses (hits) and the total
number of memory accesses (cache references), and is thus inversely related to
the cache miss rate. [15]

Particularly in benchmarks such as IIR_Lowlevel and FFT_8, the optimised
algorithms ITB and RAM achieve a markedly reduced cache miss rate com-
pared to the original implementation, despite handling a considerable volume
of cache references. This observation points to a more favourable memory ac-
cess pattern, likely characterised by higher spatial and temporal locality. The
underlying algorithmic strategies—such as internal token buffering in ITB and
actor merge in RAM—appear to structure memory usage in a way that pro-
motes repeated access to nearby or recently used data. As a result, the cache
is populated with data that is more likely to be reused shortly thereafter, lead-
ing to a more efficient utilisation of the memory hierarchy and ultimately to
improved runtime performance.

Moreover, the significant drop in cache miss rate in FFT_8 (from 4.60%
in OM to effectively 0.00% in both ITB and RAM) suggests that, in certain
computational patterns, the applied optimisations are particularly effective in
harmonising memory access behaviour with the underlying cache architecture.
This alignment reduces memory access latency and mitigates cache-induced
performance bottlenecks, thereby increasing overall throughput in data move-
ment–dominated scenarios. A critical contributing factor to this effect is the
improved compatibility of token production and consumption rates between
actors after merging. By aligning these token rates, the need for intermediate
buffering and excessive synchronisation is significantly reduced, which further
streamlines the data flow and enhances pipeline efficiency.

6.7. Comparison ITB and RAM Algorithm

In this section, the differences between RAM algorithm [30] and the algorithm
with internal token buffering presented in this paper are explained in detail.
A key difference between the two approaches is the treatment of feedback loops
and cyclic structures (cycles) within the network. While RAM cannot com-
pletely merge such network topologies, internal token buffering allows these
structures to be fully integrated. This is a significant limitation of the RAM
algorithm, as networks with circles and feedback loops cannot be merged effi-
ciently.
Another key drawback of RAM is the handling of mismatching token rates.
In this case, RAM uses the repeat statement of the CAL actor language to
compensate for the different production and consumption rates of the actors.
This means that a repeat vector is calculated that determines how often indi-
vidual actors must be executed in succession to ensure a balance of token rates.
However, this method can be problematic, especially if the system does not
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continuously feed in new tokens. In such cases, there is a risk of tokens being
lost within the network. To illustrate this, consider the following example: An
actor A reads an input value, produces four tokens after each processing and
passes these on to its output. An actor B consumes six tokens each time and
then generates an output value.

Actor A Buffer AB Actor BInput value 4 tokens 6 tokens

A write 4 tokens B read 6 tokens

In this scenario, RAM would construct the meta-actor in such a way that
it is only activated when at least three input values are available. This results
from the fact that the first actor A must fire three times to produce a total
of twelve tokens so that actor B can then fire twice. However, if the system
only provides two input values, the meta-actor created remains inactive as the
required token quantities cannot be achieved.
The algorithm with internal token buffering works in a similar way, but differs
with regard to the handling of excess tokens. Although there is no output after
the first input value has been processed, an output value is generated after the
second input value has been read in. The two excess tokens are temporarily
stored in an internal buffer and taken into account in the next calculation. [30]
A particularly significant advantage of internal token buffering becomes ap-
parent when the lowest common multiple (LCM) of the production and con-
sumption rates is required as a synchronisation variable. In RAM, this can
in the worst case lead to a first output value being written only after m · n if
m = n + 1. The algorithm with internal token buffering, on the other hand,
starts generating output values after just two input values, which significantly
increases the efficiency of the calculation and prevents all output values from
being generated at the same time.
At first glance, one might assume that RAM is significantly more efficient due
to the use of the repeat statement, especially for networks with small repetition
factors in the repeat vector. This is because the repetition strategy could the-
oretically achieve a closer interlocking of the execution sequence of the actors.
However, RAM also uses arrays internally to temporarily store values. This
means that both read and write accesses to the memory are required - similar
to the algorithm with internal token buffering presented in this paper. Accord-
ingly, the use of the repeat statement alone does not result in a fundamental
efficiency advantage.
However, a potential advantage of RAM could be that the stored values in the
system are kept closer to the processor than in the internal buffers of the token
buffering approach. This could have a positive effect on memory access times
and thus enable a higher processing speed in certain scenarios.
On the other hand, the type of memory management in RAM may also repre-
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sent a significant disadvantage. As the elements in the buffer are continuously
shifted, this may require additional computation and memory access opera-
tions. However, this aspect could be significantly improved in real implemen-
tations through targeted optimisation, as described in section 6.2. [30]

6.7.1. Combination of ITB and RAM

In the previous sections, two fundamentally different approaches to the merg-
ing of CAL actors were presented: firstly, the algorithm (see chapter 4), which
efficiently generates periodic schedules for static data flow networks, and sec-
ondly, the ITB (see chapter 5) approach presented in this paper, which offers
significantly greater flexibility in dealing with dynamic or feedback network
structures through internal token buffering.
Both methods have specific strengths, but also have limitations that restrict
their respective areas of application. RAM is particularly suitable for regular,
deterministic networks with static token rates and without cyclic dependen-
cies, while the ITB approach can also be used in more complex, not completely
static scenarios due to its dynamic buffer management.
The aim of this section is therefore to develop a concept that combines the ad-
vantages of both approaches in a common merge algorithm. By combining the
efficiency of RAM scheduling model with the structural adaptability and ex-
pressive power of the ITB approach, a hybrid merge mechanism is created that
makes it possible to transform even complex and real-world actuator networks
into high-performance meta-actors without having to take special restrictions
in the network structure into account. The combined algorithm should not
only be highly efficient, but also versatile.
The functional principle of this method is described in detail below. The pro-
cedure is based on an iterative analysis of the network to be fused and includes
both the automatic selection of the most suitable merging procedure and the
targeted creation of meta-actors in order to avoid structural obstacles such as
feedback loops or rate incompatibilities. This enables a continuous merge pro-
cess that continues until the entire network is either merged into a meta-actor
or both methods no longer allow a valid merging.

The combined merge algorithm follows a step-by-step, iterative procedure
in which the strengths of both approaches - the RAM algorithm and the ITB
method developed in this thesis - are systematically interlinked. At the begin-
ning of the process, the entire actuator network is analysed in order to identify
all actors that can potentially be merged with each other. For each possible
group of actors, it is first checked whether the merging criteria of the RAM
algorithm are fulfilled.
If all these conditions are met, the merging can take place directly according to
RAM efficient procedure. This makes it possible to generate a deterministic,
periodic schedule for the resulting subnetwork, which can be executed with
minimal memory requirements and high computational efficiency. In many
regular or previously well-structured networks, this already leads to consider-
able optimisation.
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However, in more realistic, complex or dynamic systems, it is often observed
that certain parts of the network violate one or more of these merging criteria.
Typical examples of this are feedback loops, non-uniform or data-dependent
token streams and actors with internal state machines that affect their com-
munication behaviour. In these cases, the combined algorithm automatically
resorts to ITB, which is characterised by its greater structural flexibility.
The affected sub-networks are considered in isolation and merged as so-called
meta-actors. Within these meta-actors, explicitly modelled, limited buffers en-
sure that non-deterministic or dynamic communication patterns are also cor-
rectly mapped. At the same time, the memory requirements remain calculable
and manageable thanks to the controlled limitation of the internal buffers.
Once such an ITB-based meta-actor has been created, the entire network is
analysed again - now including the new structures. The aim is to check whether
the reduction of complexity in the network - for example by removing loops or
standardising communication paths - means that the merging criteria for RAM
algorithm are now fulfilled after all. If this is the case, the previously problem-
atic subnetwork can now also be merged using the more efficient scheduling
approach.
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7. Related Work

The literature on DPNs includes various approaches for improving the effi-
ciency and implementation of DPNs. In particular, techniques for combining,
merging and optimising actors are examined. In his work ‘A Machine Model
for Dataflow Actors and its Applications’, Janneck presents a machine model
for general dataflow programmes that serves as a basis for their efficient im-
plementation. The focus is on finding a balance between expressiveness and
efficiency, especially for dynamic dataflow programmes. [24] Another paper by
Janneck, ‘Actors and their Composition’, describes a framework for describing
actor compositions and models of computation that is independent of specific
modelling languages. The focus is on analysing actor compositions and their
properties. [23]
In ‘Classification and Transformation of Dynamic Dataflow Programs’, Wipliez
and Raulet present methods for classifying actors, defining static, cyclic-static
and quasi-static categories. Although they present approaches for summaris-
ing such actors, no general method for the merging of actors is described [52].
In ‘Analysis of SystemC Actor Networks for Efficient Synthesis’, Falk exam-
ines efficient synthesis techniques for dataflow graphs. In particular, the use of
static planning techniques to optimise static parts of a network is emphasised.
The approach is extended to graphs with bounded buffers to enable synthesis
without dynamic memory allocation .[18]
Ersfolk, in ‘Modelling Control Tokens for Composition of CAL Actors’, ad-
dresses the modelling of control tokens to support the composition and schedul-
ing of dynamic dataflow programs. By analysing control token paths, it is
determined whether data dependencies exist or only distribution information
is passed on. This enables more efficient planning and composition. [17]
Lee and Parks’ fundamental work “Dataflow Process Networks” describes an
analytical model for dataflow networks with data-dependent control flow. They
define various consistency criteria and develop conditions for scheduling exe-
cutions with limited memory. In addition to the state enumeration procedure,
a clustering technique is also presented to reduce graphs to standard control
structures. [33]
In their work ‘Actor Merging for Dataflow Process Networks’, Boutellier et al.
present a method that makes it possible to efficiently merge dynamic dataflow
actors. Tokens are buffered internally between actions, with feedback and to-
ken buffering being recognised automatically. In the event of inconsistencies
between token production and consumption, an internal FIFO buffer is auto-
matically added, which the Orcc compiler optimises where possible. In par-
ticular, self-referenced FIFOs with a size of 1 are replaced by state variables,
which leads to an acceleration of the software. However, the responsibility for
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avoiding overflows or underflows lies with the user. The handling of feedback
loops and cycles remains rather superficial and incompletely explained. [5]
In his work, RAM is a method for the merging of CAL actors known as ‘re-
peat Actor merging’. This paper first demonstrates which CAL functions are
supported and which are not included in Actor Merging. It then explains the
merging criteria that must be met for Actor Merging to be possible. The merg-
ing process comprises several steps: First, the merging approach is described,
which includes the path enumeration and configuration of the merged data
flows, followed by the determination of fusability. The generation of FSMs and
priorities is then initiated, which finally leads to the creation of the merged
actions, actors and the newly generated network. RAM has the disadvantage
that it cannot be used to merge feedback loops and circles. [30].
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As part of this work, a novel algorithm was developed for merging actors that
are modelled in the CAL programming language and communicate with each
other within DPNs. The aim was to develop a method that allows several
actors to be merged into larger units - so-called meta-actors - while retain-
ing the original network functionality. The focus here was particularly on
the use of internal buffers, which take on the task of ensuring communication
between previously separate actors within this meta-structure. This enables
more efficient execution on systems with limited computing resources without
compromising the semantic correctness of the overall system.
A key result of this work is the ability of the presented algorithm to suc-
cessfully merge even networks with complex structures - especially those with
feedback loops and cyclic dependencies. Previous approaches often failed due
to precisely these challenges, as they were either unable to manage internal
states correctly or were unable to reliably map cyclical data flows. The algo-
rithm developed here addresses these limitations with a combination of state
analysis, guard conditions and targeted internal token buffering. In addition,
merge templates were introduced, which merge frequent constellations in a
standardised way and thus enable further automation and standardisation of
the merging process.
To validate the approach, the algorithm was tested on a large number of estab-
lished benchmarks. The results show significant performance gains, especially
in comparison to existing methods such as the RAM algorithm. The newly
developed ITB approach proved to be particularly effective for benchmarks
with high demands on parallelism and data processing speed - such as FFT_8
and Top_ZigBee. There, ITB was able to achieve a significant acceleration
of the overall execution through targeted optimisations in the token flow and
parallel processing steps.
Despite the superior performance of ITB in most cases, it should be noted that
the choice of the optimal merging algorithm should always be made in the con-
text of the respective application. The RAM algorithm proved to be a more
efficient alternative in certain scenarios, such as specialised predistortion tasks.
This emphasises the relevance of a differentiated consideration of the require-
ments and the respective network architecture. Overall, this work represents a
significant contribution to the optimisation of data flow-oriented systems. The
presented algorithm combines flexibility, scalability and correctness in an in-
tegrative approach that is both theoretically sound and practically applicable.
ITB’s ability to merge complex networks including feedback structures opens
up new possibilities for the development of powerful DPN applications - both
in software-based and hardware-accelerated systems.

85



Chapter 8: Conclusion and Future Work

One possible outlook for future work is the further generalisation and refine-
ment of the merge templates developed. The aim should be to abstract these
templates in such a way that they can be applied to a wider range of different
network structures and provide a robust, reusable basis for various application
scenarios. Ideally, these templates could be integrated into existing toolchains
for automated code generation, for example as a component of compilers or
optimisation tools for CAL-based applications.
This would significantly reduce the development effort and further increase the
efficiency of generating optimised data flow networks.
Another interesting research path concerns the analysis and optimisation of
energy consumption, especially when executing the merging process on em-
bedded systems with limited resources. While the present work has focused
on runtime optimisations, future studies could analyse the energy efficiency
of the generated meta-actors and identify ways in which targeted actor merg-
ing can also reduce energy requirements - which would be particularly crucial
in mobile or energy self-sufficient systems. In addition, the extension of the
method to heterogeneous system architectures offers a further promising field
of development. Systems with GPU or FPGA acceleration typically have very
different requirements in terms of data layout, parallelisation and communica-
tion strategies.
Adapting the algorithm to such architectures could open up new optimisation
potential, as the parallelisation options in particular could be adapted to the
respective hardware structure through targeted merging. For example, certain
computationally intensive actor combinations could be specifically mapped to
specialised FPGA clusters or GPU cores, while less critical paths remain on
classic CPU cores.
A particularly exciting and challenging aspect of future work would be the com-
plete automation of the merging strategy in relation to the target architecture
of the system. Specifically, the algorithm could be extended to automatically
analyse how many computing units (e.g. CPU cores) are available and then
merge the actor network in such a way that the resulting meta-actors can be
optimally distributed across these resources. The algorithm should not only
pay attention to numerical adjustment, but also ensure that the computing
load is distributed as evenly as possible between the meta-actors in order to
avoid load imbalance and utilise the resources efficiently.
Such an intelligent merge algorithm would therefore have to perform a workload
analysis of the original actors, analyse their execution time and communication
patterns and perform a merging based on this data that is both hardware-aware
and load-balanced. Dynamic profiling or static heuristics could serve as a basis
here, for example to prevent a single meta-actor from becoming a bottleneck
while others remain largely inactive. Such functionalities would significantly
enhance the algorithm and extend its potential applications to systems with
widely varying hardware properties - from energy-efficient IoT devices to high-
performance clusters.
Overall, this opens up a broad field for further research that encompasses
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both theoretical foundations - for example in the formal modelling of optimal
merging strategies - and practical aspects such as integration into existing de-
velopment tools, use on heterogeneous architectures or automatic hardware
adaptation. The ITB algorithm developed in this work can thus serve as a
solid basis for a whole family of further optimisation methods that pursue the
goal of designing data flow-based systems not only correctly and quickly, but
also adaptively and intelligently.
To summarise, it can be said that The developed ITB algorithm offers a ro-
bust, flexible and high-performance solution to the challenge of actor merging
in CAL-based DPNs. It therefore represents a central basis for further optimi-
sations and the automation of complex data flow-based systems.
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A. Glossar

DPN Dataflow Process Network - a general model of computation
for distributed computations

FIFO First In First Out
Actor An independent entity in a dataflow model that reacts to

input data and generates output data.
Action A component of an actor that consists of a set of conditions

and is executed when those conditions are met.
FSM Finite State Machine – a technique for controlling the exe-

cution of an actor based on states.
Guard A condition that determines whether an action can be exe-

cuted.
Token Data objects exchanged between channels in a dataflow net-

work.
CAL Concurrent Actor Language (CAL) is a programming lan-

guage that is used to model and simulate parallel systems
by enabling communication between independent actors via
messages and asynchronous events.

XML Extensible Markup Language (XML) is a text-based markup
language for the structured storage and transfer of data. It
enables a hierarchical organisation of information using tags.
Here to represent Networks in CAL

Meta Actor Actor that was merged from several original actors and has
the same characteristics

ITB Internal Token Buffering - Name of the technique to store
internal tokens in a Meta Actor

RAM Repeat Actor Merging - Name of the technique to merge
Actors developed by Krebs and Schneider

Buffer A buffer is a memory area that stores data (tokens) tem-
porarily

Meta Actor A meta actor is a unit created by merging several CAL ac-
tuators that act together as a new, larger execution unit

Meta Action A meta action describes a summarised, complex action
within a super actuator that consists of several originally
separate actuator actions.
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<?xml version="1.0" encoding="UTF-8"?>

<XDF name="IIR_lowlevel">

<Instance id="delay_1">

<Class name="common.delayi"/>

<Parameter name="delay">

<Expr kind="Literal" literal-kind="Integer" value="1"/>

</Parameter>

<Parameter name="value">

<Expr kind="Literal" literal-kind="Integer" value="0"/>

</Parameter>

</Instance>

<Instance id="mul_1">

<Class name="common.mulc"/>

<Parameter name="constant">

<Expr kind="Literal" literal-kind="Integer" value="85"/>

</Parameter>

</Instance>

<Instance id="mul_2">

<Class name="common.mulc"/>

<Parameter name="constant">

<Expr kind="Literal" literal-kind="Integer" value="171"/>

</Parameter>

</Instance>

<Instance id="dup">

<Class name="common.dup2"/>

</Instance>

<Instance id="add_1">

<Class name="common.add"/>

</Instance>

<Instance id="rshift_1">

<Class name="common.rshiftc"/>

<Parameter name="constant">

<Expr kind="Literal" literal-kind="Integer" value="8"/>

</Parameter>

</Instance>

Figure B.1.: IIR_lowlevel.xml part 1
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<Instance id="rshift_2">

<Class name="common.rshiftc"/>

<Parameter name="constant">

<Expr kind="Literal" literal-kind="Integer" value="8"/>

</Parameter>

</Instance>

<Instance id="source">

<Class name="common.source"/>

<Parameter name="tag">

<Expr kind="Literal" literal-kind="Integer" value="1"/>

</Parameter>

<Parameter name="offset">

<Expr kind="UnaryOp">

<Op name="-"/>

<Expr kind="Literal"

literal-kind="Integer" value="128"/>

</Expr>

</Parameter>

</Instance>

<Instance id="sink">

<Class name="common.sink"/>

<Parameter name="offset">

<Expr kind="Literal"

literal-kind="Integer" value="128"/>

</Parameter>

</Instance>

<Connection dst="mul_1" dst-port="operand_1"

src="source" src-port="result"/>

<Connection dst="add_1" dst-port="operand_1"

src="mul_1" src-port="result"/>

<Connection dst="dup" dst-port="input" src="add_1"

src-port="result"/>

<Connection dst="rshift_1" dst-port="operand_1"

src="dup" src-port="out1"/>

<Connection dst="rshift_2" dst-port="operand_1"

src="dup" src-port="out2"/>

<Connection dst="sink" dst-port="operand_1"

src="rshift_1" src-port="result"/>

<Connection dst="mul_2" dst-port="operand_1"

src="rshift_2" src-port="result"/>

<Connection dst="delay_1" dst-port="operand_1"

src="mul_2" src-port="result"/>

<Connection dst="add_1" dst-port="operand_2"

src="delay_1" src-port="result"/>

</XDF>

Figure B.2.: IIR_lowlevel.xml part 2
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package common;

import common.constants.*;

actor delayi(int value, int delay) int(size=SAMPLE_SZ) operand_1 ==>

int(size=SAMPLE_SZ) result :

int count;

init: action ==>

do

count := 0;

end

token: action ==> result:[ value ]

guard

count < delay

do

count := count + 1;

end

run: action operand_1:[ x ] ==> result:[ x ]

end

schedule fsm s_init:

s_init ( init ) --> s_delay;

s_delay ( token ) --> s_delay;

s_delay ( run ) --> s_run;

s_run ( run ) --> s_run;

end

priority

token > run;

end

end

Figure B.3.: CAL Code - delayi Actor
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package common;

import common.constants.*;

actor mulc(int constant) int(size=SAMPLE_SZ) operand_1 ==>

int(size=SAMPLE_SZ) result :

action operand_1:[ x ] ==> result:[ x * constant ]

end

end

Figure B.4.: CAL Code - mulc Actor

package common;

import common.constants.*;

actor dup2() int(size=SAMPLE_SZ) input ==>

int(size=SAMPLE_SZ) out1, int(size=SAMPLE_SZ) out2:

action input:[i] ==> out1:[i], out2:[i] end

end

Figure B.5.: CAL Code - dup2 Actor

package common;

import common.constants.*;

actor rshiftc(int constant) int(size=SAMPLE_SZ) operand_1 ==>

int(size=SAMPLE_SZ) result :

action operand_1:[ x ] ==> result:[ x >> constant ]

end

end

Figure B.6.: CAL Code - rshiftc Actor
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package common;

import common.constants.*;

actor add()

int(size=SAMPLE_SZ) operand_1 , int(size=SAMPLE_SZ) operand_2 ==>

int(size=SAMPLE_SZ) result :

action operand_1:[ x ], operand_2:[ y ] ==> result:[ x + y ]

end

end

Figure B.7.: CAL Code - add Actor

package common;

import common.constants.*;

actor source(int tag, int offset) ==> int(size=SAMPLE_SZ) result :

@native procedure native_source_init(int ind)

end

@native function native_source_produce(int ind) -->

int(size=SAMPLE_SZ)

end

initialize ==>

do

native_source_init(tag);

end

action ==> result : [ native_source_produce(tag) + offset ]

end

end

Figure B.8.: CAL Code - source Actor
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package common;

import common.constants.*;

actor sink(int offset) int(size=SAMPLE_SZ) operand_1 ==> :

@native procedure native_sink_init()

end

@native procedure native_sink_consume(int(size=SAMPLE_SZ) sample)

end

initialize ==>

do

native_sink_init();

end

action operand_1:[ sample ] ==>

do

native_sink_consume(sample + offset);

end

end

Figure B.9.: CAL Code - sink Actor
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package common;

import common.constants.*;

actor Actor_f (int constant, int constant_1, int constant_2,

int constant_3, int delay, int offset, int offset_1,

int tag, int value) ==> :

@native procedure native_source_init(int ind)

end

@native function native_source_produce(int ind) -->

int(size=SAMPLE_SZ)

end

@native procedure native_sink_init()

end

@native procedure native_sink_consume(int(size=SAMPLE_SZ) sample)

end

int count;

initialize ==>

do

native_source_init(tag);

native_sink_init();

end

bool run := true;

List(type:int(size=SAMPLE_SZ), size=1) buffer_mul_1_add_1;

int buffer_mul_1_add_1_size := 0;

List(type:int(size=SAMPLE_SZ), size=1) buffer_delay_1_add_1;

int buffer_delay_1_add_1_size := 0;

String delay_1_state := "s_init";

action_1: action ==>

var

int(size=SAMPLE_SZ) gen_6,

int(size=SAMPLE_SZ) x,

int(size=SAMPLE_SZ) y,

int(size=SAMPLE_SZ) i,

int(size=SAMPLE_SZ) x_1,

int(size=SAMPLE_SZ) gen_30,

int(size=SAMPLE_SZ) x_2,

int(size=SAMPLE_SZ) gen_34,

int(size=SAMPLE_SZ) sample,

int(size=SAMPLE_SZ) x_3,

Figure B.10.: CAL Code - merged Actor 1
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do

gen_6 := native_source_produce ( tag ) + offset;

x := gen_6;

buffer_mul_1_add_1[buffer_mul_1_add_1_size]

:= x * constant;

buffer_mul_1_add_1_size :=

buffer_mul_1_add_1_size + 1;

while (run) do

run := false;

if buffer_mul_1_add_1_size - 1 >= 0 &&

buffer_delay_1_add_1_size - 1 >= 0 then

x := buffer_mul_1_add_1[0];

foreach int gen_15 in 0 ..

buffer_mul_1_add_1_size - 1 do

buffer_mul_1_add_1[gen_15] :=

buffer_mul_1_add_1[gen_15 + 1];

end

buffer_mul_1_add_1_size :=

buffer_mul_1_add_1_size - 1;

y := buffer_delay_1_add_1[0];

foreach int gen_18 in 0 ..

buffer_delay_1_add_1_size - 1 do

buffer_delay_1_add_1[gen_18] :=

buffer_delay_1_add_1[gen_18 + 1];

end

buffer_delay_1_add_1_size :=

buffer_delay_1_add_1_size - 1;

gen_19 := x + y;

run := true;

if buffer_add_1_dup_size - 1 >= 0 then

i := gen_19;

gen_25 := i;

gen_26 := i;

x_1 := gen_25;

gen_30 := x_1 >> constant_1;

x_2 := gen_26;

gen_34 := x_2 >> constant_2;

sample := gen_30;

native_sink_consume(sample + offset_1);

x_3 := gen_34;

Figure B.11.: CAL Code - merged Actor 2
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buffer_mul_2_delay_1[buffer_mul_2_delay_1_size]

:= x * constant;

buffer_mul_2_delay_1_size :=

buffer_mul_2_delay_1_size + 1;

end

if (delay_1_state = "s_delay") && count < delay then

count := count + 1;

delay_1_state := "s_delay";

buffer_delay_1_add_1[buffer_delay_1_add_1_size] := value;

buffer_delay_1_add_1_size :=

buffer_delay_1_add_1_size + 1;

run := true;

else if (delay_1_state = "s_delay") then

if buffer_mul_2_delay_1_size - 1 >= 0 then

x := buffer_mul_2_delay_1[0];

foreach int gen_46 in 0 ..

buffer_mul_2_delay_1_size - 1 do

buffer_mul_2_delay_1[gen_46] :=

buffer_mul_2_delay_1[gen_46 + 1];

end

buffer_mul_2_delay_1_size :=

buffer_mul_2_delay_1_size - 1;

delay_1_state := "s_run";

buffer_delay_1_add_1[buffer_delay_1_add_1_size]

:= x_3;

buffer_delay_1_add_1_size :=

buffer_delay_1_add_1_size + 1;

run := true;

end

else if (delay_1_state = "s_run") then

if buffer_mul_2_delay_1_size - 1 >= 0 then

x := buffer_mul_2_delay_1[0];

foreach int gen_46 in 0 ..

buffer_mul_2_delay_1_size - 1 do

buffer_mul_2_delay_1[gen_46] :=

buffer_mul_2_delay_1[gen_46 + 1];

end

Figure B.12.: CAL Code - merged Actor 3
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buffer_mul_2_delay_1_size :=

buffer_mul_2_delay_1_size - 1;

delay_1_state := "s_run";

buffer_delay_1_add_1[buffer_delay_1_add_1_size]

:= x_3;

buffer_delay_1_add_1_size :=

buffer_delay_1_add_1_size + 1;

run := true;

end

else if (delay_1_state = "s_init") then

count := 0;

delay_1_state := "s_delay";

run := true;

end end end end

end

end

end

Figure B.13.: CAL Code - merged Actor 4
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Tools

Note on the Use of AI-based Language Assistance

In the course of writing this Master’s thesis, AI-based language assistance
tools were used to support the linguistic quality of the text. Specifically, Chat-
GPT (OpenAI) and DeepL were employed for grammar and spelling checks,
stylistic improvements, and translation support. The conceptual development,
analysis, and evaluation were carried out independently by the author. The
aforementioned tools were used solely to enhance the language quality of the
thesis.

111


	Eigenständigkeitserklärung
	Abstract
	Contents
	1 Introduction
	1.1 Contribution
	1.2 Outline

	2 Preliminaries
	2.1 Dataflow Process Networks
	2.1.1 Synchronous and Asynchronous DPNs
	Synchronous/Static DPNs
	Cyclo-Static DPNs


	2.2 Dataflow Programming Languages
	2.3 Kahn Process Networks
	2.4 Different Dataflow Programming Languages
	2.5 CAL Actor Language
	2.6 Calculation of Maximum Buffer Size
	2.6.1 Incidence Matrix
	Definition of the Incidence Matrix
	Properties of the Incidence Matrix
	Key Theorems
	Maximum Buffer Size Calculation

	2.6.2 Illustrative Example


	3 Introduction to RVC-CAL
	3.1 Data Types
	3.2 Required Types
	3.3 Procedures, Functions and Native Functions
	3.4 Statements in CAL
	3.4.1 Assignment
	3.4.2 Block Statements
	3.4.3 If Statements
	3.4.4 While Statements
	3.4.5 Foreach Statements

	3.5 Expressions and their Types
	3.6 Actions
	3.6.1 Action Syntax
	3.6.2 Input and Output Patterns
	3.6.3 Action Semantics

	3.7 Actors
	3.7.1 Structure of an Actor in CAL
	3.7.2 Scheduling and Execution of actors
	3.7.3 Communication between Actors

	3.8 Guard Conditions
	3.8.1 Principle of Guard Conditions

	3.9 Priorities
	3.9.1 Principle of Priority
	3.9.2 Priority and Firing of Actors

	3.10 FSM Scheduling
	3.10.1 Principle of FSM Scheduling
	3.10.2 FSM Scheduling and its role in the system

	3.11 XML

	4 Repeat Actor Merging
	4.1 Supported CAL Features
	4.2 Unsupported CAL Features
	4.3 Merging Criteria
	4.4 Dataflow Configuration
	4.5 Actor Transformations
	4.5.1 Transformation 1 (FSM transformation):
	4.5.2 Transformation 2 (guard condition transformation):
	4.5.3 Transformation 3 (Priority transformation I):
	4.5.4 Transformation 4 (Priority transformation II):

	4.6 Merging Approach
	4.6.1 Path Ennumeration
	4.6.2 Dataflow Configuration Merging
	4.6.3 Check of the Merging Criteria
	4.6.4 FSM and Priority Generation
	4.6.5 Actor Generation
	4.6.6 Action Generation
	4.6.7 Network Generation


	5 Actor Merging with Buffering
	5.1 Supported and Unsupported Features
	5.2 Merging Criteria
	Criterion 1
	Criterion 2
	Criterion 3

	5.3 Theoretical Foundations and Concepts
	5.3.1 Handling of Cycles
	5.3.2 Relationship between Actors
	Linear Sequence (chain)
	Parallelism (branching, fan-out/split)
	Merging (join, fan-in)
	Cycles (Circles) and Backward Edges

	5.3.3 Internal Buffers

	5.4 Transformation
	Transformation 1: Transformation of the state machine
	Transformation 2: Conversion of guard conditions
	Transformation 3: Conversion of priorities
	Transformation 4: Optimisation of the priority check
	Advantages of Transformations

	5.5 Process
	5.5.1 Path Enumeration
	5.5.2 Check Criteria
	5.5.3 Token Overflow
	5.5.4 Path Merge
	5.5.5 Input Parameters
	5.5.6 Functions and Initialisation
	5.5.7 Input Ports
	5.5.8 Integrating FSM-Structure
	5.5.9 Guard Conditions
	5.5.10 Actual Action
	5.5.11 Output Ports
	5.5.12 Priorities
	5.5.13 Network Generation


	6 Experimental Evaluation
	6.1 Example
	6.2 Speed Improvements
	6.3 Measurements
	6.4 Analysis
	6.5 Algorithm Overview
	6.5.1 Comparison of the Algorithms for each Benchmark
	IIR_Lowlevel (Digital Filtering)
	FFT_8 (Fast Fourier Transform)
	Top_ZigBee (ZigBee Network Algorithm)
	Predistortion (Predistortion for Signal Processing)

	6.5.2 Summary and findings

	6.6 Cache Misses and Their Impact on Performance
	6.6.1 Cache Misses for Each Benchmark
	IIR_Lowlevel (Digital Filtering)
	FFT_8 (Fast Fourier Transform)
	Top_ZigBee (ZigBee Network Algorithm)
	Predistortion (Signal Processing)

	6.6.2 Summary of Cache Miss Analysis
	6.6.3 Further Insights on Cache Efficiency

	6.7 Comparison ITB and RAM Algorithm
	6.7.1 Combination of ITB and RAM


	7 Related Work
	8 Conclusion and Future Work
	List of Figures
	A Glossar
	B Code from Example
	Bibliography

