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Abstract

The Peer-Based Programming Model (short: Peer Model) is an approach for designing
and implementing distributed systems, developed by the Space-Based Computing group
at the Vienna University of Technology. Its structure is inspired by asynchronous mes-
sage queues, tuple space communication, staged event-driven architectures and data-
driven workflows.
The Peer Model approach is relatively new and no tools that aid in the monitoring and
debugging process exist yet. Developers need to resort to manual methods in order to
gain insight into the workings of a running Peer Model based system, which is cum-
bersome and time consuming. This Master’s thesis fills the gap by developing a visual
monitoring software for the Peer Model approach, whose purpose is to help developers
analyse and debug Peer Models.
A requirements analysis is performed to explore the needs and problems developers
currently face when working with the peer model by conducting personal interviews
with them. The analysis is strongly linked to the identification of what data is required
to enable proper monitoring and debugging, as well as the development of suitable,
standardised data formats. Suitable visualisations can facilitate the understanding and
increase the productivity of developers better than textual representations. Fortunately,
the Peer Model is a good fit for representing it visually. A graphical notation for rep-
resenting Peer Models has been established prior to this thesis, but it only captures the
static structure of models. Consequently, illustrations for the dynamic events occurring
within a running Peer Model system are developed and implemented in the monitoring
tool.
The visual peer model notation resembles nested graph structures. Automatic layouting
of these structures is a crucial part of this Master’s thesis as it spares developers from
having to manually arrange elements in order to obtain an informative and visually
pleasing representation. Thus, a methodology for layouting Peer Models is developed.
Afterwards, the implementation of the monitoring tool is discussed and finally, the de-
veloped tool is critically evaluated and potential areas for future works are presented.
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Kurzfassung

Das Peer-basierte Programmiermodell (kurz: Peer Model) ist ein Ansatz zur Spezifika-
tion und Umsetzung von verteilten Systemen, entwickelt von der Space-Based Compu-
ting Gruppe an der Technischen Universität Wien [50]. Der Aufbau des Peer Models
ist inspiriert von asynchronen Message-Queues, Tupelraum-Kommunikation, Event-
basierten Architekturen und datengesteuerten Workflows [51].
Der Peer Model Ansatz ist relativ neu. Aus diesem Grund existieren noch keine Tools,
die bei Monitoring- und Debugging-Aufgaben unterstützen. EntwicklerInnen müssen
auf manuelle Methoden zurückgreifen welche umständlich und zeitaufwändig sind, um
Einblicke in die Abläufe eines Peer Model basierten Systems zu erlangen. Die vorlie-
gende Masterarbeit schließt diese Lücke, indem eine visuelle Monitoring-Software für
den Peer Model Ansatz entwickelt wird, deren Zweck es ist, EntwicklerInnen bei der
Analyse und Fehlerbehebung zu unterstützen.
Um die Probleme zu identifizieren, vor denen Peer-Model EntwicklerInnen regelmäßig
stehen, werden persönliche Interviews im Rahmen einer Anforderungsanalyse durch-
geführt. In engem Zusammenhang damit steht die Erforschung der Datenbasis, die für
angemessenes Monitoring und Debugging notwendig ist, sowie die Entwicklung von
geeigneten, standardisierten Daten-Formaten. Geeignete Visualisierungen verbessern
das Verständnis von EntwicklerInnen und steigern deren Produktivität besser als text-
basierte Repräsentationen. Glücklicherweise eignet sich das Peer Model sehr gut für
eine visuelle Darstellung. Vor dieser Arbeit wurde bereits eine visuelle Notation entwi-
ckelt. Diese befasst sich jedoch nur mit der statischen Peer Modell-Struktur, nicht mit
den dynamischen Prozessen innerhalb eines laufenden Systems. Im Zuge dieser Mas-
terarbeit werden deshalb Visualisierungen für die Vorgänge in Peer Modellen entworfen
und innerhalb des Monitoring-Tools umgesetzt. Die entwickelte Notation ähnelt der von
verschachtelten Graphen. Das automatisierte Zeichnen der Graphen-Strukturen ist ein
wichtiger Bestandteil dieser Masterarbeit, da es EntwicklerInnen die manuelle Posi-
tionierung von Elementen erspart und für eine informative Darstellung sorgt. Aus die-
sem Grund wird ein Layouting-Framework für Peer Modelle entwickelt. Des Weiteren
wird auf die Implementierung des Monitoring-Tools eingegangen, wobei Technologie-
Entscheidungen und Software-Architektur erörtert werden. Abschließend wird das ent-
wickelte Tool evaluiert und ein Ausblick auf mögliche zukünftige Arbeiten gegeben.

vii





Contents

1 Introduction 1

2 Related Work 5
2.1 Coordination Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Distributed System Visualisation . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Layouting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3 An Introduction to the Peer Model 15
3.1 Entries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2 Peers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3 Wirings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.4 Advanced Features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.5 Peer Model DSL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4 Requirement Analysis 25
4.1 Interviews . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2 Found Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5 Peer Model Representation 31
5.1 Static Peer Model Representation . . . . . . . . . . . . . . . . . . . . . . 32
5.2 Dynamic Peer Model Exploration . . . . . . . . . . . . . . . . . . . . . . 36

6 Layouting 61
6.1 Node Layouting / Sugiyama Framework . . . . . . . . . . . . . . . . . . . 63
6.2 Link Routing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.3 Packing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.4 Nested Peers / Recursive Layouting . . . . . . . . . . . . . . . . . . . . . 87
6.5 Processor Layouting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.6 Relayouting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
6.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

ix



7 Implementation 93
7.1 Technology Choices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
7.2 File Formats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
7.3 Software Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
7.4 User Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
7.5 Deployment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

8 Evaluation 117
8.1 Evaluation of Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . 117
8.2 Evaluation by Comparison with Other Tools . . . . . . . . . . . . . . . . 120
8.3 Development Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

9 Future Work 133
9.1 Real-Time Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
9.2 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
9.3 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
9.4 Peer Model Changes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
9.5 Large Traces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
9.6 Workflow and Features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
9.7 Peer Model Layouting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

10 Conclusion 137

Bibliography 139

List of Figures 147

x



CHAPTER 1
Introduction

In many distributed software systems, a multitude of autonomous agents interact to fulfil
specific goals. The interaction is often complex and requires coordination mechanisms
to ensure the proper flow of information between agents. The communication is inher-
ently concurrent, complicating the design of a distributed system even more.
The Peer-Based Programming Model (short: Peer Model) is a new approach developed
by the Space-Based Computing group at the Vienna University of Technology [50].
The Peer Model proposes a novel way to bridge the gap between the design and im-
plementation of distributed systems. Its structure is inspired by asynchronous message
queues, tuple space communication, staged event-driven architectures and data-driven
workflows [51].
Distributed systems are very hard to debug and monitor. Due to the concurrent and dis-
tributed nature, it is difficult for developers to spot bugs and errors in reasoning. This
also applies to the Peer Model. The current procedure to debug problems and gain in-
sight into a running Peer Model system is very rudimentary. Most developers resort
to manual debugging means. They interact with the model and perceive the resulting
events afterwards by manually checking certain parts that are of interest. However, de-
pending on the complexity of the model, it is generally not possible to keep track of
all that is happening as the amount of events may simply be too high and their interac-
tion too complex. Also, events are happening concurrently and in a distributed fashion,
increasing the burden for the developer even more. This results in a cumbersome debug-
ging process. Especially if the developer is not familiar with the Peer Model in question,
bugs and semantic errors are very hard to spot.
Efforts have been made by the group of eva Kühn to improve the debugging process
by developing Peer Model simulations. These simulations generate logging data in the
form of textual listings of the occurring events. While this provides a complete pic-
ture of the proceedings, the produced logs tend to get big very fast and are hard and
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time-consuming to process manually. While stepping through the trace line-by-line, the
developer has to keep a picture of the model in his/her mind and mentally perform the
actions one after another. During that time, developers often sketch snapshots of parts
of the Peer Model on paper to aid their understanding. Unfortunately, the developed
simulations and the logging data they produce are tailored to a specific Peer Model use
case. No agreed upon general purpose data format for logging exists yet. Subsequently,
no tools exist to further process the generated logging data. This Master’s thesis aims
to alleviate the just presented issues by designing and developing an interactive, visual
monitoring software that helps developers accomplish debugging and monitoring tasks
regarding the Peer Model. A properly designed monitoring tool helps analysing a dis-
tributed system in action and enables developers to make correct assumptions and take
appropriate actions. When it comes to monitoring, visual approaches have several ad-
vantages over traditional, textual strategies [85]. Rather than wading through lots of
logging data, suitable visual representations make it possible to condense the informa-
tion and offer a much better insight into what is going on.
The process of gathering the necessary data from distributed systems is a difficult task.
The task involves the ordering of events that happen on multiple, physically independent
parts of the distributed system into a single, logically correct temporal order. Previous
works discuss the issues pertaining to the topic of repeatability, determinism and order-
ing of events in the context of multitasking systems [2, 21, 39, 53]. The task of logging,
extracting and ordering event data from a running Peer Model system is not within the
scope of this thesis. For this work, it is assumed that all the necessary monitoring in-
formation is available. However, the thesis establishes what data is necessary to create
a monitoring and debugging tool that is capable of letting the user get proper insights
into the inner workings of a Peer Model system. Furthermore, a suitable file format to
manage and persist said data is developed.
The proposed way in which Peer Models are to be monitored and debugged is similar
to the approach of Post Mortem Debugging. The running Peer Model system is put
into a state in which it generates logging information of the events happening within.
During this time, the Peer Model itself continues to function just as before. The devel-
oper may also actively manipulate the model with the goal of debugging the chain of
events spawned by his/her actions. After an arbitrary timeframe, the logging procedure
is stopped again by the developer and the generated data is consolidated. It is processed
in order to obtain a series of replicable events that happened between the start and the
stop of the logging procedure. Such a chain of events is subsequently called Trace. The
trace is then loaded into the monitoring tool and serves as the input data for the moni-
toring and debugging process.
In general, it is neither possible nor desirable to present a single complete picture of
a Peer Model system in action. The amount of event data that a Peer Model produces
grows with the timeframe in which the logging process is enabled, with the complexity
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of the model and with the level of activity it exhibits during that time. Proper representa-
tions and interaction techniques are required to present the information in a meaningful
way and give the users the ability to actively explore and make sense of the available
data. The Visual Information-Seeking Mantra provides an excellent framework for de-
signing interactive visualisation software [79]. It states that users should be able to
obtain an overview of the situation first, then apply filter criteria to hide uninteresting
information and request details-on-demand on parts that are of interest. Craft and Cairns
write:

Overview provides a general context for understanding the data set; it
paints a “picture“ of the whole data entity that the information visualisation
represents. Patterns and themes in the data that may be helpful can often be
seen only from a vantage point that comprises the whole view. From this
perspective, major components and their relationships to one another are
made evident. Simply the overall shape of the data itself can provide assis-
tance in understanding the information that is encoded. Significant features
can be discerned and selected for further examination. Such features might
not be readily viewable from another part of the data representation or might
be obscured from certain vantage points. Revealing these features at the
outset can aid the user in filtering the extraneous information so that they
can complete their task more efficiently by excluding unimportant aspects
of the representation. [18]

The Visual Information-Seeking Mantra will serve as a guideline as it provides an ex-
cellent basis for the development of the monitoring software. Finally, the developed
monitoring software is critically evaluated in terms of the decisions regarding visualisa-
tion, technology and file formats, by comparing it to similar tools for other distributed
system approaches as well as its applicability as a support tool for Peer Model develop-
ers.
This thesis is structured as follows: in chapter 2, we present related work on distributed
system approaches and their tools, as well as works addressing graph layouting and vi-
sualisation. Chapter 3 provides an introduction to the Peer Model. Chapter 4 discusses
the requirement analysis preceding the development of the monitoring tool. After that,
the visual notation for the static Peer Model structures as well as their dynamic counter-
parts are introduced in chapter 5. Chapter 6 discusses the development of the framework
capable of layouting Peer Model visualisations. Issues and considerations that emerged
during the implementation of the tool are presented in chapter 7. Chapter 8 evaluates
the developed monitoring software and compares it to similar tools based on other dis-
tributed system approaches. Lastly, chapter 9 presents potential areas for future work
and chapter 10 concludes the thesis.
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CHAPTER 2
Related Work

2.1 Coordination Models
Kühn, Craß and Schermann compared modelling concepts in the domain of distributed
and concurrent systems [52]. Schermann also evaluated the following coordination
models in his Master’s thesis [78]: Reo [4], the Actor Model [36], Petri Nets [43],
UPPAAL [55], WS-BPEL [3], BPMN [93] and the Peer Model itself. The criteria for
comparison included flexibility, scalability and the ability to reuse components, among
other features. Another area of classification was the availability of tools for designing,
simulating and analysing systems developed with the respective concept.
This thesis extends the comparison by establishing criteria for an interactive, visual
monitoring tool. In the following sections, the evaluated coordination approaches are
introduced. In chapter 8, criteria are defined and used to evaluate tools for these ap-
proaches in comparison to the developed monitoring tool for the Peer Model approach.
The works of Kühn, Craß and Schermann [52, 78] are the basis for which coordination
models to include in the evaluation process. A discussion on the considered coordi-
nation models follows. A discussion on the comparable tools can be found in chapter
8.

Petri Nets
Petri Nets are a prominent concept for modelling distributed systems. In this case, the
term distributed system is meant in a broader sense as Petri nets are also applicable in the
domains of business process modelling, workflow management systems, chemistry and
biology. After its initial implementation developed in the 1960s [61], Petri Nets con-
tinually evolved and exist in many forms today. Various extensions to the base concept
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were proposed, many of which are grouped into so-called High-Level Petri Nets, includ-
ing Coloured Petri Nets [43], Timed Petri Nets [94] and Hierarchical Petri Nets [25] as
well as hybrid forms. These extensions add features to the base concept to increase its
expressiveness and applicability.
The elements making up a Petri Net are based on an exact mathematical definition in
terms of their semantics. A basic Petri Net consists of Places, Transitions and Arcs.
A place may contain a number of Tokens which, in their entirety, encode the system’s
state. A full set of tokens within all the places in the system is called a Marking. A tran-
sition is the structural definition of a potential exchange of tokens. Arcs connect places
and transitions and are divided into Input Arcs that run from a place to a transition and
Output Arcs that connect transitions to places. Each arc is given a weight in form of a
positive, non-zero integer. A transition is said to be enabled or firing once all of its input
arcs have equal or more tokens in their corresponding places than their weight. Once
enabled, the transition removes these tokens from the input places and creates tokens in
the output arcs’ places in the amount of their respective weights. The complete process
happens in a single step (atomic). No predefined order for the execution of multiple
transitions exists. That means that two or more transitions that could fire at the same
time do so in no determined order (non-deterministic).
Basic Petri Nets offer a graphical notation for the description of distributed processes.
A Petri Net can be represented as a directed, bipartite graph, where its places and tran-
sitions correspond to nodes and arcs correspond to directed edges. Figure 2.1 shows a
small example Petri Net.

p1

p2

p3

t2

1
2

Figure 2.1: Small Petri Net example with three places (p1, p2 and p3) and one transition
(t). p1 contains two tokens, p3 one token.
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Reo
Reo presents a paradigm for composition of distributed software components and ser-
vices based on the notion of mobile channels [4]. Reo understands itself as the “glue“
between components or services in a distributed system. Similar to the Peer Model, it
focusses on the coordination logic between components, rather than the business logic.
Reo introduces a concept called Connectors, which serve as the basis for communica-
tion. The most simple form of connectors are called channels. A typical channel has
one source end and one sink end and connects two components. However, channels
with multiple sources and sinks are also possible. Data is written into source ends and
read from sink ends. Reo also supports different semantics for channels. For example,
a FIFO channel employs a queue and allows for asynchronous communication between
two components. To support sophisticated communication semantics, Reo allows the
composition of connectors and channels to form more complex connectors. Figure 2.2
shows a simple example model. For an in-depth discussion on Reo, refer to [4].

Figure 2.2: Example of a Reo model, showing how the outputs of two independent
writers can be brought into order and delivered to a reader sequentially. The Ordering
connector is the composition of three basic channels. Image taken from [74].

Actor Model
The Actor Model is a mathematical model of concurrent computation and was initially
developed by Carl Hewitt in 1973 [36]. It follows the philosophy that everything is a
so-called Actor. Actors communicate with each other by sending Messages. When an
actor receives a message, it may perform the following actions:

• Send additional messages to other actors (or itself)
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• create other actors

• modify its own state to affect how future messages it receives are treated

The actor model has been implemented as the concept for concurrency in several lan-
guages, including Erlang [6] and Scala [35]. Other languages, such as Java, add the
missing support through libraries [46].
The Actor Model is heavily rooted in mathematical theory, but no generally accepted
notation for actor models exists. Several works propose their own notation and/or im-
plement Actor Model functionality [11,77,80]. Due to its highly dynamic nature, visual
notations for the actor model are even more difficult to develop. Actors may spawn
other actors, which has the potential to dramatically change the state of the system at
any time. While previous works proposed approaches to describe Actor Models visu-
ally [58, 81], no tools that are comparable to the tool presented in this Master’s thesis
exist. Thus, the Actor Model is excluded from the evaluation.

UPPAAL
UPPAAL is an integrated tool environment for modelling, validation and verification of
real-time systems modelled as networks of timed automata, extended with data types
[55]. A system is structured as a network of several such timed automata running in
parallel. An automaton is specified using Locations, which represent the state of the
model and Edges between locations, representing state changes. Each automaton may
also define clocks, which are used for specifying time constraints on edges. Clocks are
real-valued and progress synchronously. Synchronisation between automata however,
which are otherwise independent can be realised with the use of channels. While ear-
lier versions of UPPAAL only supported binary synchronisation between two automata,
later versions introduced broadcast synchronisation. In addition, variables may be spec-
ified. They behave like variables in programming languages and can be read, modified
and used in calculations. The complete state of a model is defined by the locations of
its automata, the current clock values and the values of the variables. Figure 2.3 shows
a small UPPAAL example modelling the interaction between a user and a lamp.

BPMN
Business Process Model and Notation (short: BPMN) is a standard for modelling busi-
ness processes [93]. It provides a graphical notation in the form of Business Process
Diagrams, which are similar to activity diagrams from UML [54]. BPMN is designed
to provide all stakeholders, including developers, business managers and business ana-
lysts, with a unified language for the development of business processes and bridges the
communication gap between implementation and specification.
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Figure 2.3: Small UPPAAL example showing the interaction between a lamp (a) and a
user (b). The lamp can be in one of three states, which correspond to the three locations
(off, low and bright). The user might press a button at anytime, which triggers an action
in the lamp automaton through the use of channels. The clock y is used to distinguish
between a double press and a single press. Image taken from [7].

The graphical notation of BPMN consists of four element types: flow objects, connect-
ing objects, swim lanes and artifacts. Three elements make up the group of flow objects:
events, activities and gateways. These flow objects are interconnected by connecting
objects, which are of one of three types: sequences, messages and associations. Swim
lanes are used to visually group and separate elements and element groups, providing a
means for organising more complex diagrams. Lastly, artifacts are used to enhance the
diagram with additional information for the reader. Figure 2.4 shows a small business
process modelled using BPMN. For a detailed discussion on the BPMN standard, refer
to [9].

WS-BPEL

The Web Services Business Process Execution Language (short: WS-BPEL) is used to
specify business processes focussed on the coordination of web services [3]. There
are two possibilities for describing a business process in WS-BPEL: abstract and ex-
ecutable. WS-BPEL aims to distinguish between programming in the large and pro-
gramming in the small. Abstract business processes are used to specify systems at a
high-level (programming in the large). Executable business processes on the other hand
describe actual behaviour of business interactions (programming in the small).
WS-BPEL is tightly coupled to web services and the associated technologies, such as
WSDL and SOAP [19]. Every interaction between participants in the business process
is performed using web services.
Every BPEL process has one main activity. A Basic Activity describes the elemental
steps of a process, while a Structured Activity describes the overall flow of a process
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Figure 2.4: A simple business process modelled in BPMN using events, activities and
a gateway. Sequence flows connect the flow objects and annotations are used to provide
further information. Image taken from [93].

and may contain other activities. Figure 2.5 shows a typical business process modelled
in WS-BPEL. For a detailed specification of WS-BPEL, refer to [3].

2.2 Distributed System Visualisation
Using information visualisation techniques to process data produced by distributed sys-
tems is a topic that has been explored before. Moc and Carr used visualisation to find
system configuration and efficiency problems in a distributed system that had been op-
erational for over three years [59]. However, they focussed more on data retrieval and
pre-processing and treated the visualisation of the data only as the final part of a three-
step method. Nevertheless, their focus is very similar to this Master’s thesis in the sense
that their goal is to provide developers with better insight into how the distributed sys-
tem in question behaves and what improvements can be made. Moc and Carr pursue
a more statistical approach to data retrieval and visualisation, using the Spotfire.net vi-
sualisation tool [82] for rapidly generating and iterating on scatter plot data that they
extract from the running system.
Lipski, Berger and Magnor developed vIsage, a visualisation and debugging framework
for distributed system applications [57]. They present a visualisation and debugging
concept environment that is used for the development of an autonomous car, where
several computers are controlling a single vehicle. A lot of the produced data has a
geometrical context and thus, bird-eye views of the area where the car is operating are
used. The obtained data, for example position, orientation and velocity of the car, is
superimposed onto the images. Developers responsible for debugging the system can
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Figure 2.5: BPEL model created with the BPEL Designer Project [8].

make use of the augmented birds-eye videos to reach better conclusions and spot errors
faster. vIsage also supports simulation and the playback of previously retrieved data.
Brumbulli and Fischer developed a tool for the simulation of formally described dis-
tributed communication systems [10]. They focused on visualising a series of traces
that are made available after the system in question has finished. To enable the user to
actively explore the data, Brumbulli and Fischer developed an interface resembling a
playback device for controlling the time dimension. Figure 2.6 shows the tool in action.

Sambasivan, Shafer, Mazurek and Ganger addressed the problem of visualising per-
formance problems in distributed systems [76]. Three possible visualisation techniques
were implemented and a user study was conducted to find strengths and weaknesses of
each approach. The reason for performance problems could be hidden in any part of a
potentially large system or the result of bad interactions between parts. Thus, a tech-
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Figure 2.6: Screenshots of the visualisation tool developed by Brumbulli and Fischer.
Note the interface for controlling the time dimension in the bottom part of the screen-
shot. Image taken from [10].

nique called request-flow comparison is used to narrow down the likely causes for the
performance decrease. The conducted user study included experts, who were familiar
with the particular distributed system as well as non-experts, who were unfamiliar with
the system, but had general knowledge of the subject.

2.3 Layouting
Interestingly, many of the tools that visualise coordination models do not offer auto-
matic layouting capabilities. The users are tasked with manually positioning elements
themselves. In this thesis, automatic layouting of Peer Model representations is em-
ployed to relieve users from this tedious task.
At its core, the proposed Peer Model visualisation resembles a graph and papers about
graph layouting are closely related to this thesis. Many approaches and algorithms exist
for the automatic layouting of all variants of graph structures. The two main approaches
are Force-Directed Graph Drawing and Layered Graph Drawing. In force-directed
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graph drawing methods, an initial placement of nodes is continuously altered according
to forces defined through the use of concepts adopted from physics, such as springs.
Both repulsive and attractive forces may be applied between single nodes or groups
of nodes. The problem is either solved through the minimisation of an energy func-
tion or through iterative adaptation of the intermediate graph structure. An in-depth
introduction to the algorithms used in force-based graph drawing methods can be found
at [28, 37].
The most prominent implementation of a layered graph drawing method is the Sugiyama
framework [83], named after Kozo Sugiyama. It works by assigning layers for each node
and structuring the graph in a tree-like fashion. Layered graph drawing very closely re-
sembles how a typical Peer Model is structured and will serve as a basis for the layouting
process developed in this Master’s thesis.
Closely related to graph layouting is the topic of graph aesthetics. Several papers exist
on what makes graph layouts aesthetically pleasing [16, 65–67, 91]. These papers often
conduct empirical studies to validate their claims. Many of them define aesthetic criteria
a graph should fulfil in order to be clearly understandable. Unfortunately, it is not always
possible to fulfil all criteria equally well. Sometimes, criteria conflict with each other
and a decision has to be made which one to favour and to what extent. For example,
in order to avoid edge crossings, edges might have to be routed in a circuitous fashion
which in turn increases the total edge length and potentially introduces additional edge
bends. The decision which criteria to favour and more generally, which decisions lead
to the aesthetically more pleasing graph, is not trivial. Purchase et al. [65] tried to ob-
jectify the matter by introducing a metric to gauge the readability of general, undirected
graphs. Ware et al. [91] introduce a methodology for evaluating the cognitive cost of
graph aesthetics and empirically test their findings by letting users detect the shortest
paths in spring layout graphs. A paper by Diaz et al. [20] formulates an objective cost
function based on a number of graph layout criteria and compares algorithms according
to this metric. Ham and Rogowitz [88] tackle the problem from a different standpoint
by letting users manually alter graphs by repositioning graph nodes to create layouts
which they feel capture the data relationships best. Afterwards, they analyse the results
and provide concrete recommendations for graph layout algorithms.
In this Master’s thesis, path finding algorithms are used on multiple occasions, includ-
ing the orthogonal routing of links between elements and during the optimisation step
responsible for reducing the layout size. In particular, the A-Star algorithm is used for
path finding [17, 56, 75].
Layouting a Peer Model is in many parts very similar to printed circuit board layouting.
The problem of efficiently placing spatial elements onto a confined space, whilst fol-
lowing certain rules and constraints is common for both fields. There exist a variety of
software packages capable of automatically and semi-automatically placing and routing
elements on a circuit board [26,41,70]. An overview of the topic of printed circuit board
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layouting is given by Abboud et al. [1]. Mathematical concepts are presented for solv-
ing the two major issues component placement and wire routing which, interestingly, is
very similar to how the Peer Model layouting process is structured.
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CHAPTER 3
An Introduction to the Peer Model

The Peer Model is targeted at modelling coordination patterns in distributed environ-
ments. It is inherently component-based and encourages the reuse of predefined el-
ements. New parts of a system can potentially be developed by combining existing
components. The Peer Model also supports nesting of components within each other,
further promoting the reuse of components. A profound distinction is drawn between
coordination logic and business logic. The Peer Model deliberately forbids the devel-
opment of arbitrary business logic within the model and focuses solely on providing the
necessary coordination logic facilities. It incorporates a high-level programming and
design model as well as its own Domain Specific Language (PM-DSL). Developers can
design and deploy the complete coordination logic of distributed applications by speci-
fying it with the PM-DSL. First steps towards a toolchain exist to aid developers in this
task [49].
A typical Peer Model is made up of different building blocks and each of them is ex-
plained in the following sections. Afterwards, a complete example of a Peer Model
specification is given with the aid of the PM-DSL. Note that the Peer Model is still
in active development and additional features not discussed here may be added in the
future.

3.1 Entries
Entries are the moving parts of a Peer Model. They reside inside containers or are trans-
ported through the Peer Model. Wirings take or read entries from containers and move
them around. Services create, modify and delete entries according to their predefined
implementation.
Each entry has a distinct type, which is specified by a unique name. Typically, the type
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is used to denote what the entry is used for. The Peer Model developer may define
whatever entry types he/she desires and also decides on their semantics. Among other
criteria, wirings select which entries they act upon based on the type.
Entries are both used as a means to transport application data but also to control the
Peer Model itself. Subsequently, the data within entries is divided into two categories.
The first category represents the Coordination Data or Co-Data. It contains meta-data
utilised by the Peer Model and may influence the movement of the entry through the
system. As such, the co-data of an entry is actively queried and also modified by the
Peer Model. Wirings may select entries based on the co-data and services may change
parts of the co-data to their liking.
The second category of data within an entry is the Application Data or App-Data. It
contains business-logic related data that is neither queried nor modified by the Peer
Model itself but is only transported through the system. External components may use
this data in whichever way they desire. The app-data part is ascribed to being a business
logic concern and is therefore not handled by the Peer Model.
Many developers utilise entries to model a state machine, encoding the (sub-)system’s
state with entries that are currently present inside the model. Depending on which en-
tries exist, the other parts of a Peer Model act accordingly. Looking at it from this
perspective, entries are used to define a Peer Model’s state.

3.2 Peers
A construct called Peer is introduced. It presents a structured, addressable and poten-
tially persistent coordination component. A peer can be uniquely addressed through its
fully qualified name. Each peer incorporates dedicated areas for input and output of
entries. These areas are aptly named Peer In Container (PIC) and Peer Out Container
(POC). The umbrella term for both is Peer Container (PC). Generally, a peer container
may contain any number of entries.
Typically, a peer also contains inner coordination logic. This logic is essentially en-
capsulated within the peer and hidden from the outside. A peer’s inner workings are
comprised of Wirings and Sub Peers. In this context, wirings and sub peers may also be
summarised into the term Elements and referred to as child elements of this peer. The
distinction between a peer and a sub peer is entirely based on the point of view. When
speaking of a sub peer, it is generally referred to as such because of its affiliation with its
surrounding peer. For the course of this thesis, the terms peer and sub peer are mostly
interchangeable and are only used to emphasise their relative location. Additionally, the
term Parent Peer is used to denote the peer that encapsulates the currently referenced
peer or wiring. Lastly, the notions of a Sibling Peer and a Sibling Wiring are used to
refer to a peer or wiring in relation to another where both share the same parent peer.
More general, such an element may also be referred to as Sibling Element.
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An important characteristic of a peer is its general passivity. Peers provide the setting
and general structure within which the Peer Model operates, but do not perform any
actions themselves.
Each peer is assigned to a so-called Processor. A processor represents the physical
machine a peer is located on. Multiple peers may reside on a single processor. Just as
peers, a processor is named. Within a Peer Model, each processor has a unique name
and can be referenced by it.
For the purpose of this thesis and the developed monitoring software, a naming scheme
for peers is used to uniquely reference them within a Peer Model. The syntax for refer-
encing a peer in a fully qualified manner is

⟨PeerReference⟩ ::= ⟨ProcessorName⟩{:⟨PeerName⟩}:⟨PeerName⟩

A peer’s reference is defined by the processor it resides in followed by a series of peers,
moving down the peer tree and finishing with the actually referenced peer. All elements
are separated by colons. Additionally, PIC and POC of a peer may also be directly
referenced using

⟨PICReference⟩ ::= ⟨PeerReference⟩.PIC

⟨POCReference⟩ ::= ⟨PeerReference⟩.POC

Note the use of a dot instead of a colon to separate the peer reference from the PIC/POC
token. This naming scheme is used throughout the course of this thesis as well as within
the monitoring application. The file formats developed for logging the events in a Peer
Model are such a field of application. See section 7.2 for more information on this topic.

3.3 Wirings
Wirings are the active part of a Peer Model. They are responsible for transporting entries
through the system. A wiring is comprised of three sections: Guard Links, Action Links
and Services:

Guard Links
The guard section consists of any number of Guard Links. Guard links are respon-
sible for feeding the wiring and its potential services with entries. The guards of a
wiring are numbered which in turn defines the order of their execution and when
they test for appropriate entries. Each guard link is connected to a peer con-
tainer. Consecutively, each guard queries its container for entries according to
its specification. If the specification is met, the next guard starts querying. If a
guard cannot meet its specification, the guard is referred to as blocking as it pro-
hibits the wiring to continue its execution. Once all guards of a wiring meet their
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specifications, they are said to be firing and the next step in a wiring’s activation
begins. A guard’s specification consists of an entry type, an operation, a count
and optionally a query:

Entry Type
The entry type defines which entries the guard is looking for in terms of its
type. Only a single type may be specified. Entries of other types are ignored.

Operation
The operation specifies what the guard should do with the entries it acts
upon. The options are read and take. Specifying a take operation means
that the entries the guard processes are removed from the queried container.
By setting a guard’s operation to read, the entries are duplicated and the
original entries are kept in the container while the copies are further pro-
cessed by the wiring.

Count
The count sets boundaries on how many entries may be processed in one
firing. It may be specified as a number, preceded by a relational operator
(=,<,>,≤ or ≥). Alternatively, it may be set to one of the two special values
[all] or [none]. [all] will result in the guard taking or reading all present
entries that fit the specification. Setting the count to [none] turns the guard
into a so-called none-check guard. Rather than looking for entries, such
a guard checks for the nonexistence of entries that meet the specification.
While other guards fire as soon as entries in the queried container meet their
specification, the none-check guard fires whenever this is not the case.
In general, a guard tries to read or take as many entries as possible within the
boundaries set by the count. For example, if the count of a guard is specified
as ≥ 2 and there are three suitable entries present in the container, the guard
will take all three.

Query
The query is the only optional part of the specification. The developer may
specify certain criteria that an entry must fulfil in addition to its type. A
query generally tests co-data properties, can be arbitrarily complex and may
include comparison and logical operators.

Each guard link is specified separately. However, there are limits to which con-
tainer a guard link can target. Only containers of the parent peer as well as sibling
peers may be queried. Deeper nested peers are not targetable, just as peers higher
up in the nesting may not be targeted.
Once all guards have fired, they put their affected entries into the wiring’s En-
try Collection (short: EC). The EC is a distinct container residing within each
wiring. Just as a peer container, an EC may contain any number of entries. The
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EC is the temporary storage location for entries that are read or taken by guards
and is accessed by action links and services, which are discussed next.

Services
A wiring might specify any number of services. Services contain application spe-
cific code that operates on the wiring’s EC. Just as guards, the services within a
wiring are ordered and run in succession. After all the guards of a wiring have
fired, the first service executes. Once it is finished, the next service starts and so
on.
The logic of a service is written in a language specifically developed for the Peer
Model (Peer Model DSL). This language is capable of querying, modifying and
deleting entries, as well as calling external facilities to communicate with the out-
side world. For an in-depth discussion on the service specification, refer to [49].
The typical structure of a service is to take or read a number of entries from the
EC, modify these entries and/or call external processes based on the data, then
write back entries into the EC. However, within a service, the developer is rela-
tively free to employ different setups.
A service does not access the entries in the EC directly, but through the use of ser-
vice input links. These links are very similar to guard links in their structure. A
service input link is also determined by a specification that is identical to a guard
link specification. It specifies an entry type, an operation, a count and optionally a
query. The difference to guard links lies in the fact that a service input link always
targets the wiring’s EC and does not block.
A service also specifies service output links. Mirrored to service input links, ser-
vice output links are specified in the same manner as action links, with the dif-
ference being that they deliver entries back to the EC. Action links are discussed
next. Once all services within the wiring have executed, the Action Links section
begins.

Action Links
Action links are responsible for delivering entries to their destination containers.
After the guards have fired and the services of a wiring have executed, the first
action link activates. Just as the guard links, the action links within a wiring are
ordered and run in succession.
Action links operate on the EC and query it for entries. They have a specified entry
type and a count. These two settings have the same semantics as their counterparts
in guard links. The type specifies which entries to operate on and the count limits
their quantity. However, specifying a count of [none], as is possible with guard
links, is not allowed. The action link’s operation is implicitly set to take and
therefore does not need to be specified.
The semantic of execution for action links is different to guard links. While action
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links also run one after the other, their behaviour can be reasonably described as
best effort. An action link tries to fulfil the requirements posed by its specification
as best as it can. However, if it is not able to, the action link silently finishes
without affecting any entries and the next link takes over. An action link does not
block like a guard link does.
Each action link targets a peer container. Upon querying the EC, it delivers the
applicable entries to this container. The rules for what permitted target containers
are is the same as for guard links.
After all action links have executed, whether or not they were able to deliver any
entries, all remaining entries within the EC are deleted.

Each new iteration of the three sections of a wiring is called Wiring Activation. An
important characteristic of wirings is that multiple activations may run concurrently. A
single wiring can exhibit multiple wiring activations at the same time. These activations
are fully autonomous from each other and may be in different stages of their execution.
This is a key feature of the Peer Model and makes it possible to have multiple business
processes running in a concurrent and autonomous manner. An important fact to con-
sider in the case of multiple concurrent wiring activations is that the EC is not shared
across them. Each activation manages its own EC, which gets cleared after the activa-
tion finishes.
Similar to peers, wirings may also be referenced in a fully qualified way by means of

⟨WiringReference⟩ ::= ⟨PeerReference⟩:⟨WiringName⟩

Note that the peer reference in the example refers to the wiring’s parent peer.
A noteworthy case many developers come across is the need for very simple wirings
that solely move or copy a single entry type from one peer container to another. Such
a wiring only has a single guard and a single action, both with the same entry type.
Typically, no services are applied. As this type of wiring is relatively common, it is
explicitly referred to as a Move Wiring. As the name implies, a move wiring transports
entries from one container to the other. The guard’s operation is set to take.

3.4 Advanced Features

DEST property
Within an entries’ co-data, a Destination Property (short: DEST Property) can be set.
This property may contain the fully qualified name of a PIC. An entry that resides inside
a POC and has the DEST-property set is automatically transported to the destination set
within the property.
The typical use case for this feature is to transport entries directly across processor
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boundaries and without relying on wirings. The DEST-property of an entry can be dy-
namically set inside a service based on its inner logic. This facilitates the development
of very flexible distributed architectures. On the other hand, it circumvents the static
rules imposed by the wirings and allows entries to freely travel through the whole model.

Entry TTL and Entry TTS
Entries may also be attributed with the Time-To-Live (short: TTL) and the Time-To-Start
(short: TTS) properties. Both properties are generally set with a timestamp located in the
future. An entry marked with a TTS is considered to be non-existent by guards. Only
after the timestamp set in the property has passed, the entry loses this characteristic and
may be taken into consideration again by wirings. A popular use of this feature is the
implementation of timers: a wiring can be designed to have a guard and an action of the
same type both targeting the same peer container. Within a service, an entry of said type
with a TTS property is created and sent back through the action. The wiring will not be
triggering again immediately but only after the entry has reached its time-to-start. This
pattern can be used to implement regular polling functionality, for example.
The TTL property behaves similar in the sense that once the set timestamp is reached,
the entry changes its state. But instead of becoming visible again after being disre-
garded, an entry with a set TTL property is deleted as soon as the timestamp expires.
Before this occurs, the entry is treated normally however.
Note that the events pertaining to TTL and TTS timestamps being reached are only
executed when the associated entries are located within a peer container. Entries that
are currently being transported by a wiring or a DEST move or resident within an EC
are not checked for these properties. However, once an entry with an expired TTL or
TTS property is put into a peer container, the corresponding event will be carried out
immediately.

Flows
Flows are a means to manage the distinction between business processes. An Entry can
be attributed with a Flow ID, which associates it with a specific flow. This ID is usually
set within service implementations. Guard links of wirings have an attribute called Flow
Dependence, which can be on or off. When a guard link with enabled flow dependence
encounters an entry with a set flow ID, it sets the wiring activation’s internal flow to
this ID. Subsequent guards may then only act on entries that have an equal flow ID or
no flow ID at all. Entries associated with a different flow are ignored. This restriction
is only applicable for the duration of the corresponding wiring activation. Subsequent
wiring activations, even those running concurrently, are not affected and may set their
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own flow IDs. This mechanism enables an explicit modelling of business processes and
gives more expressive power to Peer Model developers during the design phase.

Explicit Commits
In the default case, the guards of a wiring only fire if all their specifications are met
and they do so simultaneously. In some cases, this might not be the desired behaviour.
For this reason, a developer can specify explicit commits. By placing a commit after a
guard link, the guard section of the wiring is effectively cut into two commit groups.
The guard links of a commit group are treated like a complete, distinct guard section.
Once all the guard links in the group have met their specification, the group fires and the
affected entries are put into the EC. Commit groups are run in succession according to
their guard’s order in the wiring. Once a group has fired, the next group starts querying.
After all groups have fired, the service part of the wiring is executed.

3.5 Peer Model DSL
The Peer Model DSL (short: PM-DSL) is used to specify Peer Model systems [49]. The
PM-DSL file’s format is specifically designed to fit the Peer Model’s architecture. The
code generator located within the PM toolchain can read PM-DSL files and produce
language-specific code for various software platforms, including .Net [72] and Embed-
ded C [49]. Ideally, developers only need to care about the PM-DSL file and should
neither need to inspect nor alter the generated code. The resulting codebase may then
be deployed onto development, test or production machines where it is executed.
As mentioned before, the Peer Model offers the reuse of components. It does so by al-
lowing peers, wirings and services to be used in multiple places within a system. This is
reflected within the PM-DSL by splitting the specification of these components into two
distinct steps, a definition and a instantiation step. Uniquely naming the components
enables referencing them at a later point in the file, potentially multiple times.
A PM-DSL file itself is split into multiple consecutive parts, each defining its corre-
sponding components. A separate discussion of each part follows:

Entry Types
The possible entry types that may be present within the system are specified. As
each entry type is uniquely named, it is referenced through this name later within
the file.

Services
For each service, its input and output links are specified, as well as its implemen-
tation logic. Each service is given a unique name to be addressable later in the
file. However, the services are not bound to specific wirings. The services are
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merely defined but no specific instances of them are created.

Wirings
A wiring is defined by specifying its name, its guard and action links and its ser-
vices. As services are already defined in the previous part, referencing them by
their name is enough. A service referenced in that way is said to be instantiated by
the wiring. Multiple wirings may use the same service definition independently.
Even multiple instantiations of a single service within a wiring is allowed, albeit
unusual. In order for the wiring definition to remain generic, no specific targets
for the guard and action links are set. Instead, placeholders in the form of strings
are used. Later, during a wiring’s instantiation, the placeholders are replaced by
actual peer container references. For a more detailed discussion on this function-
ality, refer to section 7.2.

Peers
Next in the sequence are peer definitions. For each peer, its sub peers and wirings
are specified. To define a peer with sub peers, they need to be defined first so
that the parent peer can reference them during its own definition. Similar to how
wirings instantiate services, peers instantiate wirings by referencing them. But
as wiring definitions include placeholders, the peer needs to specify how these
placeholders should be replaced. This is done by specifying a linking map to-
gether with the wiring reference. Again, for an in-depth discussion of this feature,
refer to 7.2.

Topology
The topology definition is the last section in the file. In this section, the processors
are specified. Each processor is defined by a name and the peers that run on it.

Listing 3.1 shows a small exemplary PM-DSL file that defines one wiring with one
service, two peers and one processor. For a thorough discussion on PM-DSL, refer
to [49].
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---------------------------------
--- Entries
---------------------------------
entry X is

coordination data is
empty

end;

entry Y is
coordination data is

empty
end;
---------------------------------
--- Services
---------------------------------
service Service1 is

take X;
emit Y;

begin
create(Y)

.set(tts => now + 1 s)

.emit;
end;
---------------------------------
--- Wirings
---------------------------------
wiring W1 is
begin

read X [all] from C1;
running service Service1;
deliver Y [all] to C2;
commit;

end;
---------------------------------
--- Peers
---------------------------------
peer Subpeer1 is
begin
end;

peer SmallPeer is
begin

instantiate wiring W1 linking (C2 => Subpeer1.PIC);
instantiate peer Subpeer1;

end;
---------------------------------
--- Topology
---------------------------------
topology TestTopology is
begin

processor SmallProcessor
runs peer SmallPeer

end;

Listing 3.1: PM-DSL file that specifies a small Peer Model. The resulting model con-
tains one processor with one peer, which in turn contains one sub peer and a wiring with
a service. Additionally, the DSL file defines two entry types (X and Y).
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CHAPTER 4
Requirement Analysis

4.1 Interviews
In order to develop a suitable tool that helps developers in their tasks, it was essential
to find out what their problems and issues are when working with the Peer Model.
In order to recognise and document requirements, interviews were conducted with ten
developers. The interviewed developers all work with the Peer Model on a regular
basis and hence could provide valuable information and input. To get the most out of
each participant, the interviews were conducted as one-on-one conversations. One of
the goals was to find out about the developer’s method of operating in order to gain
insight into the differences between developers and their tasks. Especially their way of
debugging when problems arise is of interest as it offers hints on how to improve this
process. Using the Peer Model, it is possible to create a large range of different projects
in terms of size and complexity. Talking about the developers’ current projects was
helpful in putting their opinions and ideas into context. It also helped to develop a sense
of what typical Peer Models look like. Another goal was to find out what problems the
developers face on a daily basis and how a monitoring and debugging tool may help
them in their tasks.
The interviews were not strictly pre-planned as the intent was to let the interviewee share
his/her ideas in a very unconstrained way. However, a set of questions was prepared and
asked in order to support the interview flow. The following questions were posed:

1. How does your modelling process look like when working with the Peer Model?

2. In which ways do you debug when you encounter problems?

3. Are there certain types of problems and/or bugs you encounter regularly during
development?
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4. What size do the projects you work with have? Approximately how many peers,
wirings and entry types does a typical Peer Model contain?

5. Can you give a rough estimate on the number of entries that are active inside your
Peer Models during development and in production?

6. How do you deal with the problems arising through concurrency during develop-
ment?

7. Do you think a visualisation tool can help during the development process and in
what way?

8. Do you think a visualisation of the events inside a Peer Model can help developers
to understand previously unfamiliar models?

The interviews lasted from about 30 minutes to one hour. As the interviews were spread
out over the course of about two weeks, we tried to incorporate the intermediate results
from the previous interviews into the following ones.

4.2 Found Requirements
A list of found requirements follows. Many of these requirements were obtained as a
direct result of the conducted interviews by comparing the received answers and ideas
from the developers and interrelating them to each other. However, additional meetings
with Peer Model developers were held throughout the entire subsequent development
process. Topics of these meetings included certain Peer Model functionalities and their
visualisation, the development of data formats as well as intermediate presentations
regarding the state of the monitoring tool itself. The meetings revealed additional re-
quirements or defined existing ones more precisely, which were incorporated into the
ongoing development process.

Better Debugging Capabilities
As the Peer Model approach is relatively novel, the toolchain and more specifically, the
debugging facilities are still in their infancy. Developers resort to manual debugging
means or develop their own tools to facilitate this task. Throughout the interviews,
developers expressed the wish for better debugging capabilities and tools.

Overview
The interviews showed that developers are missing an overview. Frequently, they need
to get into the details of certain sub parts of the system. While doing so, they lack a
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bird’s eye view that shows an overall picture. An overview also helps new developers
get familiar with a specific Peer Model and learn it in a top-down manner rather than
having to study each sub part individually and piece them together later.

Detailed Wirings

Wirings represent the most complex part of a Peer Model. Developers spend most
of their time designing and adjusting them. As such, it is of outmost importance to
get a detailed view of a wiring and the actions it performs. A typical question many
developers often pose is why a certain wiring did not activate in certain circumstances
when the developer wanted it to do so. A detailed view of a wiring and its changing
state allows developers to assess the situation efficiently and find out what is wrong.

Interaction of Subsystems

A Peer Model is made up of multiple parts or subsystems. Developers often try to
pursue a modular approach and design parts of the system separately, while specifying
interfaces that define how the parts interact with each other. This partition can be made
at the processor or at the peer level. The interaction between the subsystems is often
the place where bugs and inconsistencies crop up. A visualisation of how these systems
interact would be a valuable feature and could help developers in their understanding.

Detection of Nonsensical Structures

Just as any other software, a distributed system built using the Peer Model is subject
to change during the course of its lifetime. New parts are added to the system, while
other parts change or become obsolete. Peers, wirings or parts of wirings, services or
entry types might become unnecessary during the lifetime of the system as requirements
and features evolve. A visual representation of the model can help in identifying such
structures and aid in their proper extraction.

Race Conditions

In a distributed system, race conditions [63] are an ubiquitous issue. Their cause and
effect are often hard to detect without the proper tools. Race conditions are especially
hard to debug because of their nondeterministic behaviour and volatile occurrence. A
proper visualisation of the events happening within a Peer Model can drastically help to
reduce the efforts necessary to identify and eliminate race conditions.
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Detection of Left-behind Entries
The use of entries as the dominant form of communication leads to the issue of dealing
with obsolete entries. An entry needs to be cleaned up once it fulfilled its intended
purpose. This can happen within a service, through the purge of the EC contents of a
wiring after its activation or by assigning entries a TTL property. However, an entry that
is left behind in a peer container will stay there indefinitely if it is not taken or assigned
a reasonable TTL. A Peer Model that erroneously does this will start to pile up entries,
taking more and more memory while it is handling business processes. Memory leaks
like these are hard to spot because the model itself appears to be working correctly.

Control over the Time Dimension
As established before, a running Peer Model system produces a lot of logging data.
While the tools developed for monitoring a Peer Model so far offer a chronological
listing of the events that occurred, going through this raw data manually is cumbersome
and error-prone. Developers need to step through the trace one-by-one and can not
easily jump to different places in time. The interviews revealed that a monitoring tool
that offers proper control over the time dimension can greatly help in making sense of
the given data.

Conservative Use of Animation
The interviewed developers expressed a big affinity towards an efficient way of working.
The tools they use should perform their intended tasks as fast as possible. Some of them
expressed the desire for a monitoring tool that does not use animations and that they
prefer static representations. While animations offer a nice way to visualise changes,
this wish was taken into account.

Retention of the Established Visual Notation
During the interviews, the interviewees were presented with preliminary designs and
visualisation attempts for the application in the monitoring software. These were also
adapted after each interview to incorporate the previously received suggestions. How-
ever, the presented designs were not accepted very well. The developers were familiar
with the already established visual notations that had been developed in the years before.
The differing designs required a lot of additional explanations as they were generally not
self-explanatory and seemed to confuse developers more than help them.
While not explicitly requested, the reaction of the developers made it clear that intro-
ducing different visual representations was counterproductive. The established notation
had evolved organically and already incorporates a lot of conceptual expertise. An im-
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portant insight the interviews gave was that leaving the developed visual notation intact
was a beneficial decision.

Cross Platform Support
The software platforms and operations systems used by Peer Model developers are di-
verse. Implementations of the Peer Model exist for various languages and software
platforms, including .Net [72] and Embedded C [49]. Only supporting a single platform
or operating system with the monitoring tool would lock out a lot of developers of being
able to benefit from the tool. Therefore, it is highly beneficial if the tool is developed in
a cross platform way.

Stand-Alone
Closely related to the requirement of cross platform support is the wish for a tool that is
stand-alone and does not require a specific software foundation. Prior to the interviews,
developing the tool as an Eclipse [23] plugin presented a warrantable option. However,
the interviews made clear that many developers have different setups and even though
Eclipse is available for all major platforms, it was not found desirable to force develop-
ers into using it.

4.3 Conclusion
After the interviews were concluded, the results were gathered and processed further to
yield a list of requirements. The interviews helped a lot in establishing the requirements
for developing a suitable and useful monitoring tool. They gave insight into how the
developers work with a Peer Model throughout its development, from modelling and
implementing to debugging and testing. Furthermore, it helped to develop a sense for
what typical Peer Models entail and what challenges the developers face.
The interviews also consolidated the idea that a monitoring tool, specifically designed
and developed for the Peer Model can help in various problem areas during develop-
ment. Instead of resorting to manual debugging means, working with proper visual
representations of the events facilitates the debugging process of Peer Models and sup-
ports developers in their tasks more efficiently.
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CHAPTER 5
Peer Model Representation

The DSL describing a Peer Model does not contain any visual information and more
specifically, no hints on how to layout it. It contains structural information about the
Peer Model, but no explicit data about how to visualise it. The first goal of the Peer
Model representation (and the later layouting process) is to take the structure of a Peer
Model, given by a DSL file, and visualise it in a way that is meaningful and valuable to
the developer. Subsequently, the visualisation of trace data acquired during the logging
procedure is the second main goal.
The team around eva Kühn has already developed a graphical notation for representing
the static Peer Model. The conducted interviews (chapter 4) showed that the notation
had gone through many iterations until that point in time. It was apparent that the devel-
oped notation incorporated a lot of conceptual expertise. Not only is it used to visualise
Peer Models in scientific papers and journals, the interviews showed that the represen-
tation is also an accepted way for developers to design and communicate Peer Models.
Developers who are concerned with a specific Peer Model often create scribbles on
paper or whiteboard to visualise their ideas and issues. They generally do this with
the aforementioned representation. Forcing yet another visual notation change seemed
counterproductive. Therefore, it was agreed upon to keep the current notation intact
whenever possible. Fortunately, it proved to be a good fit for the visualisation within
the monitoring tool as well as a good foundation for further extensions.
The dynamic visualisation of the events in the Peer Model still proposes a difficult
problem however. At the time of writing, monitoring support for the Peer Model was
at its infancy and therefore, no agreed upon representation for the dynamic behaviour
of a model existed. One goal of this thesis is to come up with suitable representations
for the dynamic nature of the Peer Model while not moving away too far from the al-
ready established representations for the static Peer Model structure. The following
section discusses the representations for the Peer Model developed by the group of eva
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Kühn. Afterwards, suitable visualisations for representing the dynamic events happen-
ing within a Peer Model are proposed in section 5.2.

5.1 Static Peer Model Representation
The elements that make up a static Peer Model were discussed in chapter 3. This sec-
tion establishes the status quo in Peer Model visualisation that is currently used by
developers. The visual notation is used for documentation and in various published
papers [50, 51]. Each element is discussed separately and subsequently, a complete
example is shown.

Wirings
Wirings are highly customisable and therefore, their representation needs to be
equally flexible. Wirings may have multiple guards, actions and services or may
be just simple move wirings. A typical wiring is divided into a left and right link
block, containing the guard and action links, a service area and a center area that
displays the wiring’s name. Before a complete wiring is presented, its parts are
discussed separately.

Guard Links
Guard links target containers of sibling peers or the parent peer. They are
therefore aptly represented as an arrow line. The tail is connected to the
target peer container and the tip of the arrow points to the so-called base in
which the index of the guard is displayed preceded by a G (short for guard).
The arrow conveniently illustrates the potential movement of entries. The
guard link’s specification is shown as a text label next to the arrow. Figure
5.1 shows a typical guard link representation. The arrow itself is drawn fully
black if the guard’s operation is take and drawn white with a black border
if the operation is read. The specification is displayed as a text label. Its
format is

⟨specification⟩ ::= ⟨operation⟩ ⟨entrytype⟩ [⟨count⟩]

In previously established notations, any potential queries were shown below
the specification line. However, only relatively short queries were shown
that way. In general, queries can become arbitrarily large, making this lo-
cation not a good fit for the general purpose as a query might overlap a lot
of other elements. For the purpose of the monitoring tool, the query is not
shown immediately. Instead, the user can hover over the link with the mouse
and a tooltip pops up, displaying the full query.
It is important to note that guards are always located at the left side of a
wiring. As such, their arrow always ends horizontally and offers a good
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Figure 5.1: Visualisation of a typical guard link within a wiring.

place for the specification text right above it. Multiple guard links are put
one below the other according to their activation order.
The link itself is drawn as an arc between the peer container and the wiring.
Orthogonal means that the individual edges of a link are either horizontal or
vertical. This is a very important characteristic with regards to layouting a
Peer Model, which is thoroughly discussed in chapter 6.

Action Links
Action links are depicted very similar to guard links. However, action links
may connect on both the left or right side of their corresponding wiring. An
action link will connect on the side that is closer to its target peer container
in order to avoid long paths. At the same time, the action link’s ordering
must be respected. Within each wiring’s side, the order of action links is
maintained. Action links that are activated later are positioned farther down.
The tip of an action link’s arrow is located at the end targeting the peer
container to visualise the direction of movement of entries. Also contrary to
guard links, their specification leaves out the operation part as it is always
implicitly set to take. Figure 5.2 shows an exemplary action link.

Services
Each service is visualised separately and comprised of service input and
output links as well as a body that states its name. Service input links are
represented very similar to guard links, which is obvious given their similar
structure. Similarly, service output links resemble action links very closely.
Services sit on top of the wiring and their links are arranged vertically. A
typical service is shown in figure 5.3. Wirings without services simply omit
the service area altogether.
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Figure 5.2: Visualisation of a typical action link within a wiring.
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Figure 5.3: A typical service visualised.

The just discussed parts make up a wiring. The wiring’s base that connects the
parts is a simple rectangle, displaying the wiring’s name in its center. Figure 5.4
shows a wiring with two guards, two actions and a service. While in this example,
each link targets a separate peer container, hinted at in grey, this does not have
to be the case. Multiple links may target the same container. An interesting
characteristic is the fact that, while the EC is an integral part of a wiring, it is
not explicitly visualised. As this is the representation of the static structure of
a wiring, it is only implicitly assumed. Along the same lines is the finding that
entries themselves are not visualised explicitly in the static structure of a Peer
Model at all. Only references to entry types within the label texts of links are
used. No accepted graphical notation for actual entries exists yet.
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Figure 5.4: A complete wiring named “Example Wiring“ visualised. The wiring incor-
porates two guards, two wirings and a service called “Service 1“. Note that multiple
services would be placed from left to right in the order of their activation.

Peers
Peers are visualised relatively simple. A peer is comprised of separate areas for
its PIC, POC, a center area for its inner logic as well as a title bar for its name.
Figure 5.5 depicts a simple peer. Depending on the current needs, the peer can
be visualised in collapsed or expanded fashion. Visualising an expanded peer
gives insights into its internal structure by displaying the sub peers and wirings
within the peer’s center area. A collapsed peer on the other hand offers a very
compact representation. Its center area remains empty. Refer to figure 5.6 for a
visualisation of an expanded peer.

The just discussed wiring and peer representation together form the static Peer Model
as it is currently used and understood by developers. Figure 5.6 shows a typical peer
representation. An important observation is that wiring links can attach onto peer con-
tainers at any position along its sides. This facilitates better layouts and avoids cluttered
links. Simpler peer contents can often be visualised without the need for sophisticated
link routing. However, this is not always possible, especially for more complex mod-
els. In general, the way a peer and its children are visualised is not predetermined and
can be implemented in many different ways. Some of these visualisations are arguably
better than others. Chapter 6 tries to establish a guideline for what constitutes a good
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Test Peer

Title Bar

POCPIC

Center Area
Figure 5.5: A simple peer called “Test Peer“ visualised. It is shown collapsed and
therefore incorporates neither wirings nor sub peers.

peer representation and discusses the implementation of a set of algorithms capable of
producing such layouts for all possible Peer Models.
Unlike peers and wirings, there is no agreed upon visual notation for a processor. Most
of the time, developers do not concern themselves with the physical location of peers
and therefore, processors are rarely visualised explicitly. However, for the monitoring
tool it is important to develop a visual notation for processors as well. To emphasise the
relation between a processor and its contained peers, the processor is drawn as a dashed
rectangle that encloses its peers. Figure 5.7 shows an example.

5.2 Dynamic Peer Model Exploration
As stated before, no agreed upon representation of the dynamic state and events in a Peer
Model exists. This thesis tries to capture the essence of how a Peer Model behaves and
how this behaviour can be described visually. Subsequently, the visual representation
supports the goal of developing a Peer Model monitoring software that aids developers
in their tasks.
To approach the problem, it can be helpful to think in terms of questions a developer
might have concerning the Peer Model he/she is working with. Typical questions are
diverse, ranging from the whereabouts of single, specific entries to an overview on the
general state of the model. The motivations behind these questions may be equally man-
ifold and span from finding bugs through debugging to spotting optimisation potential
to learning the behaviour of previously unfamiliar models.
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Figure 5.6: A typical peer representation as it is currently used by Peer Model devel-
opers. Peer A is expanded and its inner wirings and sub peers are visible. Its sub peer
Peer B however is displayed collapsed. It may also contain logic on its own which is
simply not visualised. A small gap between the outer peer and its inner elements helps
maintaining readability.

Subsequently, a single visualisation can not cover the entire space of potential questions.
Nevertheless, a suitable visualisation aims to answer a predetermined subset in the best
way possible. To find out what issues developers working with Peer Models regularly
face and what tasks they need help with the most, personal interviews were conducted,
which are discussed in chapter 4.
Before looking at ways to represent the dynamic nature of a Peer Model, the underlying
data is examined and important characteristics are discussed.

Discrete Changes
Looking at a typical Peer Model trace, it becomes evident that there are only dis-
crete points in time when the state of the model changes. Between these spikes
of movement, the Peer Model stays static. This is underlined by the fact that all
possible events can be reduced to a single point in time. For example, while a
complete wiring activation spans a particular timespan, looking at the events that
constitute the activation in separation, they all can be attributed to a singular mo-
ment.
Subsequently, these moments can be ordered temporally. Depending on the pre-
cision of the datatype used to record the time, it is possible, if unlikely, that two
or more moments are indistinguishable by their timestamp. Nevertheless, it is
possible to sort the events into an ordered sequence of time steps. Potentially co-
incident events are resolved by forcing an arbitrary order. The resulting sequence
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Example Processor

Peer 1

Peer 2

Figure 5.7: Visualisation of an example processor. The processor’s name is stated in
the top center and its associated peers are arranged below.

enables stepping through a Peer Model trace in a completely linear fashion, even
in the presence of concurrency.

Moments
Developers often re-enact Peer Model behaviour by going through the events as
they should unfold one after the other. This sometimes happens by outlining the
model on paper or by envisioning it mentally. However, critical steps in this event
chain are often explicitly visualised by picking the point in time where an event
happens and sketching it out. Such a sketch combines the state of the model at the
point in time before the event with the event itself that causes the state to change.
From that discovery arose the requirement to visualise critical moments of a Peer
Model located at a single point in time. By focussing on singular moments in
which an events happens, it is possible to visualise the Peer Model behaviour in
great detail.
Between the events, the Peer Model assumes specific states. Visualisation of
these stationary conditions is equally important in aiding the understanding. The
state before and after an event, together with the event itself, form an essential
information unit.

Event Chains
One of the most crucial insights is the role time plays in the Peer Model. As estab-
lished previously, all events happen in a specific moment in time. Events happen
before or after each other. Strongly connected to this is the notion of dependency.
All Peer Models work by chains of events being set off, with one initiating an-
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other, in a strict temporal and causal ordering. Such chains may spawn, merge,
be divided, pause and terminate within a Peer Model trace. In practice, multi-
ple chains may run independently of each other within the same model and even
within the same elements such as wirings through autonomous wiring activations.
Chains may also affect each other indirectly through the presence or absence of
entries within peer containers. With time and the dependency of events being such
an important aspect of the nature of Peer Models, it was logical to look into ways
to visualise these aspects in a suitable manner. Many of the events happening
are not isolated, but are in fact part of a bigger process. This is especially true
for wirings and their individual actions which together form a wiring activation.
Grouping such events into a coherent chunk helps the developer in obtaining a
clearer picture of the proceedings within a Peer Model.

Overview + Detail
A very important concept in information visualisation is the idea of Focus + Context.
To quote Card et al.:

Focus+Context starts from three premises: First, the user needs both overview
(context) and detail information (focus) simultaneously. Second, informa-
tion needed in the overview may be different from that needed in detail.
Third, these two types of information can be combined within a single (dy-
namic) display, much as in human vision. [13]

While the first two premises seem attainable and a good fit for representing the dynamic
nature of the Peer Model, the third premise established by Card et al. is very hard to
fulfil. Integrating the time dimension directly into the established static Peer Model rep-
resentation did not seem like an attainable and worthwhile goal. Fortunately, a strongly
related information visualisation concept called Overview + Detail exists. Both have in
common the distinction between focus/detail and context/overview. But rather than try-
ing to integrate one within the other, Overview + Detail embraces the incoherence of the
two visualisation parts by spatially separating them. Cockburn, Karlson and Bederson
describe overview + detail in the following way:

An overview+detail interface design is characterised by the simultaneous
display of both an overview and detailed view of an information space,
each in a distinct presentation space. [15]

The two sub-views are strongly linked and a change in one view often results in a change
in the other. The idea of overview + detail perfectly describes the relation between the
detailed view of a single point in time and the overview provided by representing tempo-
rally related chains of events. Displaying a single moment in time in all detail represents
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the detail, while the temporal overview serves as the necessary context and embeds the
detail, temporally relating it to the rest of the data. Implementing the idea of overview
+ detail was deemed a suitable dynamic Peer Model representation that is capable of
answering many questions a developer potentially has.
The visualisation representing the detail is subsequently referred to as Main View. The
overview’s foundation is the temporal aspect of a Peer Model, therefore it is labelled
Timeline to emphasise this fact. The utilisation of the overview + detail concept com-
bines the level of detail that the main view offers with the outline capabilities of the
timeline.
This thesis tries to combine the two approaches of Peer Model visualisation and form a
suitable software tool that is capable of answering a lot of questions the developer might
pose. Interaction is the missing piece to the puzzle that forms the connection between
the two visualisations. Through selecting specific points in time in the timeline, the
developer can explore the current state of the Peer Model in detail. By moving between
moments, the user gains a sense of what happened through active exploration. Main
view and timeline are displayed side by side in a split view fashion.
While the general motivation behind the two forms of visualisation and what informa-
tion they should convey is determined, it remains to be discussed how these goals can
be achieved best within the scope of the monitoring software. A discussion of the two
visualisation approaches follows.

Main View

The static Peer Model representation that is already developed does not deal with the
concept of time in any way. It does not tackle this aspect of a Peer Model as it is only
concerned with the general structure of the system. In a sense, it controls the rules of the
model but not how these rules are enforced within any particular materialisation of the
model. However, it provides a very detailed view of the Peer Model and is well recog-
nised by all developers. Furthermore, during the design phase it became apparent that
the static representation offers the possibility to superimpose information onto it in or-
der to display the dynamic state of the model for a particular moment in time. Because
of that, it is used as the basis for the main view of the dynamic representation of the
monitoring software. A beneficial side effect is that developers do not need to learn a
complete additional set of visual notations as the general form is adopted from the static
representation. Only small adjustments are necessary to enable the superimposition of
static and dynamic Peer Model information.
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Colour

The static Peer Model representation did not make use of a very important aspect of vi-
sualisation: colour. It should be noted that it has benefits to reduce or completely refrain
from the use of colour. For example, sketching Peer Models on paper or whiteboard is
definitely easier if only a single type of pen is required. However, for the purpose of
the monitoring software, there is no reason not to use colour as a means to enhance the
visualisation and increase the readability. Many works on information visualisation deal
with the topic of colour [13,90]. And while the general use of colour is easily justifiable,
how to use it is not trivial. To quote Edward Tufte:

[ . . . ] avoiding catastrophe becomes the first principle in bringing colour to
information: Above all, do no harm. [86]

It was decided upon that the information of entry types is a very crucial one and that
it is justified to use colour to differentiate between entry types. The type of an entry is
arguably its most important characteristic. Likewise, wirings first and foremost select
entries based on their type. In this light it makes sense to discern entries of different
type by colour.
Using the same colour for multiple things gives them a sense of cohesiveness. Likewise,
different colours are used to emphasise the disparity between things. With the amount
of different groups the need for different colours also rises. However, there are limits on
the number of colours a human can easily distinguish between [64]. The use of a good
colour palette is essential for this task.
While there is no theoretical upper limit on the number of different types of entries, the
Peer Models currently seen in practice typically do not use more than a handful of types.
Nevertheless, it remains important that a good colour palette is chosen. Coming up with
a sensible amount of easily distinguishable colours was an important requirement. The
technical term for this task is Nominal Information Coding [90]. Choosing colours is
not straight forward. In many encodings, colours that appear very distinct not necessar-
ily reflect that in their values and vice versa. For example, equally distributing colours
based on their hue does not result in visually equidistant colours. Many works exist that
propose guidelines and algorithms for generating unique colour palettes [12,14,29,33].
Kenneth L. Kelly proposed a list of 22 colours of maximum contrast [48]. The list is
tailored to be extensible in the sense that if a subset in the form of the first n colours
is chosen, they exhibit the maximum contrast between each other. This is a beneficial
property as smaller Peer Models that do not need all colours can work with the most
distinct colours while larger Peer Models subsequently add additional colours. The cor-
respondence of type to colour is done by sorting the occurring entry types alphabetically
and mapping each to the next available colour. Furthermore, Kelly keeps in mind the
various types of colour blindness in the human population and builds the list in accor-
dance to these limitations. Kelly’s list serves as a good starting point for choosing a
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suitable palette. Figure 5.8 shows the list as proposed by Kenneth L. Kelly. However,

Figure 5.8: List of 22 colours for maximum contrast proposed by Kenneth L. Kelly
[48]. Figure taken from [33].

adjustments are needed to make it work for the Peer Model visualisation. The first two
colours of Kelly’s list are understandably simply black and white. While they are in-
deed the two colours with the most contrast, they can not be used for labelling entry
types. As the various structures in the Peer Model are already visualised in black on
white background, using black and white for entries as well would not work. In the
same vein, colours that are relatively bright are not a good fit because they do not stand
out well against a white background.
Using the list of Kelly as a starting point, 10 colours have been chosen based on their
visual distinctiveness. This number presents a good compromise that should work for
most use cases. In the rare cases where it does not suffice, the colours are reused in a
round-robin fashion. Figure 5.9 shows the final 10 chosen colours.
Additionally, the final monitoring tool provides a key table that displays the correspon-
dence between entry types and colours. This helps to reinforce the affiliation and sup-
ports the developer in associating colour-entry type pairs.

Entries

Unlike the static representation, the main view of the dynamic representation requires
the explicit visualisation of entries. Otherwise it is not possible to properly represent the
model’s state. While entries are very basic in their nature, they can potentially contain
a lot of information. Apart from the type, an entry may include - at least in theory -
arbitrary quantities of co-data and app-data. Particular parts of co-data have an intrin-
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sic meaning, like the TTL, TTS and the DEST-properties. Displaying these properties
explicitly enriches the visualisation and discloses more information about the entry. In
certain circumstances it is also advantageous to group entries of the same type together
to save space and provide a quick overview, rather than displaying each entry separately.
Developers who have been working with the Peer Model are using scribbles to aid their
understanding. It is not surprising that they sometimes need to draw entries explicitly.
Evidenced by the interviews, developers often tend to use circles to represent entries.
Circles are very easy to recognise and conveniently look completely different to all
other elements in the already developed visualisation. Using circles to represent entries
is therefore a logical step. Throughout the whole dynamic representation, entries are
always displayed in the same way. This enhances the recognition value drastically and
spares developers from learning multiple graphical notations for entries. The circle rep-
resenting an entry is coloured accordingly to reflect its type. As discussed previously,
figure 5.9 shows a list of 10 entries, coloured according to the developed palette.
The grouping of entries (later referred to as entry groups) of the same type (and colour)

7 8 9 106

2 3 4 51

Figure 5.9: Final 10 colours used as a colour palette for distinguishing entry types. The
palette is based on the list of 22 colours for maximum contrast proposed by Kenneth L.
Kelly [48].

is used to save space and provide a more compact representation. The difference be-
tween a single entry and a group of entries is hinted at by sketching a stack of entries
put on top of each other. Additionally, the number of entries in the group is displayed.
Figure 5.10 shows how groups of entries are visualised. To get information about the
individual entries, the developer may click on the group to open a list where each entry
is displayed individually.
The TTL and TTS co-data properties of entries play a special role as they can greatly
influence an entry’s movement and subsequently, the Peer Model. For this reason, it
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is important to visualise their presence explicitly. While not common, both properties
might be set for a single entry simultaneously. In both cases, an absolute timestamp
is set that specifies the time when the entry is deleted or respectively made active. In
order to avoid a potential gap between the real events and the re-enactment within the
monitoring tool, TTL and TTS events are explicitly stored within the trace data. That
means that the monitoring software does not have to check for these events itself and
can rely on the data it is being provided with. On the other hand, this means that the
timestamp set in the properties does not necessarily coincide with the actual event time.
During the design phase of the software, considerations were given about whether and
how to display the TTL and TTS properties of entries. In the end it was decided against
explicitly displaying the time left until an entry’s TTL or TTS was reached. Overload-
ing an entry visualisation with a detailed timer representation was found to be too much
for the little available space. Furthermore, as just discussed, calculating the remaining
time is not unambiguous. Instead, the entry representation is only slightly modified to
advert the user to the presence of a TTL or TTS property. The exact timestamp can
still be revealed by clicking on the entry and bringing up the context menu, as discussed
later. The presence of a TTL property is visualised by drawing the entry itself semi-
transparently, emphasising its impending removal. An entry with a TTS property is
represented by a down-scaled circle. This hints at the fact that such an entry is not (yet)
taken into consideration by wirings and is not yet fully grown. Entries that have the
DEST property set are not visualised differently from entries without it. The reasoning
behind this is that entries with this property are supposed to be sent on their way by
the corresponding event in the trace. How this is visualised is discussed shortly in its
own subsection. An entry with a flow ID is marked by a white triangle and the ID in
the middle. Note that actual flow IDs from the trace are generally not easily readable.
Thus, the monitoring tool maps them to incrementing integer values starting at zero and
displays these mapped IDs. Additional information, like other co-data properties and

Normal With TTS With TTL With Flow ID

Single

Group

5 3

Figure 5.10: Table showing different entry representation based on which property is
set. Certain properties may also occur in combination with each other. For this reason,
the representations are combinable as well. For example, an entry that has both TTL
and flow ID set is visualised semi-transparently in addition to the white triangle with
the flow ID.
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the app-data are not visualised directly as they are generally not as important for the
coordination logic. However, the developer might still want to enquire about this data.
By clicking on an entry, a separate window opens that displays the complete set of in-
formation that this entry holds. The data is presented in a nested tree view, by which the
developer can easily navigate through the complete information. Figure 5.11 shows this
view.

Entry X
Co-Data A: Content
Co-Data B: Content

Entry X
Flow ID: 5

2

5

Co-Data C: Content

Figure 5.11: Context menu that opens when clicking on an entry or an entry group. For
each entry, all the associated co-data is shown as key-value pairs.

Wirings

Guard, action and service links all have in common that they select entries based on
their type. To emphasise this information, the links are colour-coded based on the type
of entry they select. This makes it much easier for developers to quickly gauge what
kind of entries a wiring acts upon and and quickly compare this information with the
contents of the respective peer container.
The dynamic data concerning wirings are its activations. To overlay dynamic informa-
tion on top of the static structure, a wiring needs to display the state of its currently
ongoing activations. A wiring passes through multiple states during an activation. Each
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of these states corresponds to an event, such as a guard or action link activation. Subse-
quently, each event presents a distinct moment in the trace that can be visualised. During
an activation, each link is either in the waiting state, the active state or in the finished
state. The waiting state means that the link has not yet performed its duty. The active
state indicates that it is just performing its task and is currently moving the selected
entries. After that, the link goes into the finished state where it stays until the activation
is finished.
Apart from the link’s state, the entries that are affected are the most critical piece of
information. A developer wants to know exactly which entries were affected by each
link, including information about the entries themselves. For these reasons, it is sensible
to design distinct representations for each of the three states. In the following, guard,
service and action links are each discussed with respect to their waiting, active and fin-
ished representations.

Guard Links
A suitable metaphor to the three possible states are the states of a traffic light. Red
means stop (=waiting state), yellow indicates a change (=active state) and green
means go (=finished state). Subsequently, a guard’s base is coloured to reflect
this, making it easy to quickly gauge its state. An active guard link representation
should properly depict the entries it acts upon. The static representation features
an arrow that points in the direction of entry movement. This can be used to
emphasise the guard’s activity. Also, each guard has a guard base. By slightly
moving its label and enlarging the base, it provides enough space to place an
entry or an entry group. Figure 5.12 shows a guard link in its waiting, active
and finished state. In terms of affected entries, none check guards represent a
special case. As a none check guard activates if there are no entries matching its
specification, it does not deliver any entries to its wiring. In this case, there are
simply no entries displayed, even in the active state.

Action Links
Action links are enhanced very similar to how guard links are. An action link
is either waiting, finished or active, in which case it moves entries that need to
be visualised. But rather than displaying the affected entries next to the wiring,
they are displayed at the other end of the link where the peer container is. This
emphasises that the entries will be placed inside the container. Other than that, it
closely corresponds to the way guard links are displayed. Figure 5.13 displays an
action link in the three possible states. Similar to how a none check guard does
not move any entries, an action link might not move any entries either because
none of the entries present in the EC fit its specification. No entries are displayed
in this case.
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Figure 5.12: A guard link in its three possible states: not yet fired (top), active (middle)
and finished (bottom) state.The link is always coloured to reflect the guard specifica-
tion’s entry type. The three colours are specifically chosen to not clash with the colours
for entry types. In the active state, the moved entries are displayed within the link’s base
with the arrow directly pointing at them. If not active, the link and the specification label
are displayed semi-transparently.

Services
Just like in the static case, service input links closely resemble guard links, while
service output links are very similar to action links in their appearance. A service
link does not have a distinct base. Instead, the service area itself is coloured
depending on its state. A service may also be in one of three states: waiting,
active or finished. Figure 5.14 shows a wiring with a service during the course of
an activation.

The entry collection (EC) is a very critical part of every wiring. During an activation,
the EC is in constant flux and changes with almost every event. As such, it is vital
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Figure 5.13: An action link in its three possible states: not yet fired (top), active (mid-
dle) and finished (bottom) state.The link is always coloured to reflect the action specifi-
cation’s entry type. In the active state, the moved entries are displayed at the end of the
link with the arrow directly pointing at them. If not active, the link and the specification
label are displayed semi-transparent.

to display its contents for the duration of an activation. Visualising the EC however
presents a problem. Unfortunately, the static representation does not reserve any space
for the EC as it does not visualise it at all. To properly display the EC and its contents,
each entry or entry-group needs a separate space. Fortunately, the number of entries (or
entry-groups) in an EC is limited. In the most extreme case, each guard link and service
output adds entries of a distinct type to the EC. Therefore, an upper bound for the num-
ber of distinct entry-groups is the number of guards plus the number of service output
links. That means that the center area of the wiring always provides enough space for
the EC contents. In the static representation of wirings, the center area of a wiring is
solely occupied by the wiring’s label. Especially for larger wirings with many guards,
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services and actions, this results in a lot of wasted space. In order to use the available
space better, the EC is positioned in the center area of its wiring. The label is moved
down to the border of the wiring. This small adjustment is a compromise that makes
visualising the EC possible while only slightly changing the existing visual notation.
The EC container is visualised very similar to peer containers (discussed in the follow-
ing section), which also emphasises their similar nature. But instead of layouting the
entry(-groups) in a vertical fashion, they are organised horizontally. If an entry does not
fit in the same line anymore, a new line below the previous one is begun. The entries
themselves are displayed in the already established style.
A wiring’s activation lasts from the first activated guard to the last activated action.
When visualising moments within that timespan, the wiring’s body is displayed with a
bold border and its label text also is displayed in bold to indicate its activity. Depending
on which state the activation is in, different parts of the wiring are shown as waiting,
active or finished, respectively.
Figure 5.14 shows a complete iteration of a wiring activation. It consists of six moments
in time that can be selected by the user. In the state, the guard links fire (I), after that, the
service is called (II-IV) and finally, the two action links move their respective entries (V-
VI). At any moment in time, the visible entries may be inspected to find out more about
their co-data and app-data. Note how the wiring becomes more and more “green“ and
the red declines as the activation continues, which emphasises the notion of progress
very well. An important issue is the possibility of multiple concurrent activations of a
single wiring. While it is important to have a complete picture of the wiring’s full state,
multiple activations generally tend to belong to different chains of events. It is therefore
expedient to not merge activations in a single representation. Instead, when encounter-
ing multiple activations, the developer is given the ability to switch between activations
at will. The proposed dynamic wiring visualisation only displays one activation at a
time. A counter in the middle of the wiring shows the currently displayed activation and
how many there are altogether. Buttons allow the developer to switch back and forth
between them, if desirable.
It is important to note that an EC is bound to a single wiring activation. That means
that multiple concurrent activations each have their own EC and therefore do not share
any entries. In terms of visualisation, that means when switching between concurrent
activations, the appropriate EC needs to be shown. Figure 5.15 shows a dynamic wiring
representation that highlights such a case.

Move Wirings

Move wirings are a common occurrence in many Peer Models [50]. While there is noth-
ing special about move wirings in terms of functionality, their simple structure combined
with their commonness justifies the design of a distinct visualisation. The main goal of
this distinction is the potential to save space and obtain a more compact, yet equally
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Figure 5.14: Typical procedure of a wiring activation. Successively, more and more
parts of the wiring are marked in green. First the guard links fire (I), then the service
(II-IV) and finally the action links (V-VI). The EC also changes repeatedly throughout
the duration of the activation. Peer containers are omitted for clarity.

expressive representation. Note that this also applies to the static Peer Model represen-
tation as no suitable visual distinction has been proposed yet. While [50] proposed a
distinct notation for move wirings, the notation has since been deprecated.
As a move wiring contains exactly one guard and one action, which furthermore have
very similar specifications, a number of simplifications can be applied. The specifica-
tions can be consolidated and displayed only once. Also, the EC only has to be big
enough for a single entry or entry-group at most. Figure 5.16 displays a wiring in two
representations. Once as in the normal way and once in the simplified fashion. The
guard and action links’ operations are combined under the term move. The wiring’s
base is shaped to resemble an arrow in order to emphasise the movement mechanism.
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Figure 5.15: Visualisation of multiple concurrent wiring activations. Note how the two
visualisations display different states and different ECs. The user can switch between
the activations be clicking on the arrows or by selecting them in the timeline.

Just as normal wirings, move wirings can be activated multiple times concurrently. In
this case, arrows and an index are shown similar to multiple activations in the normal
representation.

X [all]take X [all] A1G1
Simple Wiring

move X
Simple Wiring

Figure 5.16: Wiring displayed in the normal fashion (top) and in the simplified form
(bottom). Note how the link specifications for guard and action link are combined and
moved into the wiring. Left of the labels is the EC area that is sized to fit one entry-
group. Colouring in the traffic light scheme is omitted as well.

Flow Aware Wiring Activations

The visual representation of wiring activations is an important matter as it changes the
way a wiring works temporarily. A guard with an activated flow dependence flag is
marked by a small zigzag line. As soon as a wiring with a flow dependent guard en-
counters one or more fitting entries with a set flow ID, subsequent guard may only take
entries with the same or no flow ID. If not made explicitly clear, this can lead to situa-
tions in which a wiring does not proceed with its activation even though it seems to have
fitting entries for the currently blocking guard. To minimise user confusion, the wiring
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activation’s internally set flow ID is displayed at the base of the guard responsible for it.
Figure 5.17 shows a small example of a wiring activation with flow dependence.
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4
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G2

take Y [all]
4
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Z [all]take X [all] A1G1
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take Y [all]
4

I)

II)

III)

Figure 5.17: Simple wiring activation with a guard with flow dependence. After the
guard has successfully fired, the corresponding flow ID is shown at the guard’s base
for the remaining duration of the wiring activation. This is also an example for explicit
commits on guards. The two guards fire separately from each other and are therefore
visualised in two separate events.

Compact Service Representation

Services, especially their input and output links, take a lot of space. Developers already
familiar with the Peer Model at hand can make use of a more compact representation.
Therefore, the service link labels can be hidden and the links themselves shortened. This
reduces the size of most wirings drastically. Figure 5.18 shows the difference between
the normal and the compact service representation. While developers new to the Peer
Model need the service link specifications to familiarise themselves with the details of
the model, a developer who is working with a specific Peer Model for a longer period
of time generally does not need to see this information. Hiding it creates space for other
important Peer Model elements and visually condenses the representation.

Peers

Contrary to the static representation, a peer within an active Peer Model needs to display
the contents of its PIC and POC. Fortunately, the static representation reserves a ded-
icated space for both containers, each represented as a rectangular area. The contents
of a container can be superimposed onto the static representation in a relatively straight
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Figure 5.18: Comparison of the normal service representation (left) and its compact
counterpart (right). Hiding the service link specifications enables a much more com-
pressed representation. The user may switch between the two representations at any
time.

forward way. The container areas only need to be slightly widened compared to the
static representation to work for all use cases.
Entries that are located in the container are displayed one below the other in a vertical
strip in the center of the rectangle. To save space, entries of the same type are grouped
together, as explained previously. Figure 5.19 shows a collapsed dynamic peer repre-
sentation with entries present in its containers. Note that the rules for expanded and
collapsed peers are still the same as for the static case. Some peer visualisations can be-

Test Peer

3

Figure 5.19: A collapsed peer with the contents of its peer containers visualised.

come very large, depending on the number of sub elements and their layout . Vertically,
the PIC and POC representations also shrink and grow with their associated peers. If the
entries in the containers would be placed at fixed positions, they could potentially be off
screen and the user could not see them even when the peer itself is visible. Especially
when a peer becomes larger than the main view’s viewport (which governs what the
user sees), the contents of its PIC and POC might not be shown and could deceive the
user into thinking they are empty. To counteract this, a container’s content is not fixed.
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Depending on the position of the viewport, the contents are moved dynamically along
the vertical axis in order to stay visible as long as the corresponding peer is. Figure 5.20
explains this behaviour in detail. Conversely, there can be situations where the contents

Test Peer

Test Peer

Test Peer

I) II) III)

3

3

3

Figure 5.20: A peer representation and its container contents in three situations. The
user’s viewport is displayed as the white rectangle with the dashed black line. Depend-
ing on where the viewport is positioned, the peer container contents move in order to
stay visible whenever possible.

of a peer container do not fully fit into the provided space, mostly when the associated
peer is collapsed. In these situations, the entries that do not fit anymore are omitted
and instead, an icon indicates this fact. The icon can be clicked to reveal the additional
entries in a context window, similar to the window that opens when clicking on an entry
group (shown in figure 5.21).

Test Peer

3

Figure 5.21: Peer container where not all entries fit into the provided container space.
An icon at the bottom indicates this fact and can be clicked to reveal the additional
entries.
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DEST property moves

The most common way for entries to move around a Peer Model is by being transported
by wirings. However, the DEST property mechanic (discussed in chapter 3) allows for
an alternative transportation method. Unfortunately, visualising entries that are being
moved in this way is not straightforward. If not explicitly visualised, entries seemingly
vanish from one peer container and appear at another at a later point in time.
Moving entries using the DEST property bypasses the predefined composition and en-
ables the movement of entries without being constrained by the static model. A service
may set the DEST property on entries at runtime and can send them to any peer container
within the model, disregarding the rules enforced by wirings and their valid targets for
guard and action links. This presents a visualisation challenge as entries can be sent
between any two peer containers.
In order to represent this movement, the source and destination container are connected
by an arrow line. Proper orthogonal routing of this connection would be complex and
not produce good paths in many cases as it can not be taken into consideration during
the layout process. Instead, the connecting line is straight and simply cuts through any
elements along its way. While this is not ideal as it may obstruct elements positioned
between the source and the destination, the visualisation of the entry movement is def-
initely the important information in this situation and is therefore given priority. The
line itself is drawn dashed and coloured like the entry it moves. An arrow similar to the
ones on guard and action links is drawn at the destination to illustrate the direction of
movement.
An entry being moved by setting the DEST property consists of two distinct events that
happen at different points in time. As such, both events are visualised separately. The
first event occurs when the entry is sent on its way from the source container. The other
event happens once the entry arrives at its destination container. Figure 5.22 visualises
the two events in a simple Peer Model. The endpoints for the visualisation are located
at the top right corner for POCs and the top left corner for PICs. These points also move
to stay visible when the viewport changes, as discussed earlier.

Entry TTL and TTS events

It has been established how entries that have a TTS or TTL property are represented.
But the actual events that correspond to these features have yet to be discussed. During
an TTL event, the entry is removed from the peer container it is currently in. This
is visualised by putting the entry in question to the top outer corner of the container,
similarly to the DEST property move case. Additionally, the entry is crossed out to
properly represent that it is now being removed. In the case of a TTS event, the entry in
question is displayed with a halo around it to emphasise that it is now in a usable state.
Figure 5.23 shows the representation of both events.
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Figure 5.22: Visualisation of a DEST property move. I shows the moment before the
move. Then the entry is sent on its way (II). III represents the moment when the entry
arrives at its destination and IV shows the model after the move is complete.

Test Peer Test Peer

Figure 5.23: Visualisation of an entry TTS event (left) and an entry TTL event (right)
in the the main view.

Timeline

The timeline represents the context view and has multiple functions. The first is to
help the user make sense of the temporal structure of the Peer Model trace. The events
are plotted according to their moment in time in order to give the user an overview.
Secondly, the user is able to move through the trace and jump to different points in time
by clicking on event representations in the timeline.
The temporal aspect of the events are laid out on the horizontal axis. Vertically, the
timeline is split into rows, subsequently called Time Rows. Each processor active in the
trace is given its own time row. Every event can be assigned to the processor it occurs
on and hence, to a time row and is displayed in the time row’s Event Area. Multiple
time rows are positioned below each other. Using a slider, the user is able to adjust the
granularity of the time dimension. Decreasing it causes events to move closer together
while increasing the time granularity positions them further apart. Depending on the
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trace specifics, the user might want to zoom out to see more events simultaneously. In
other traces, he/she might want to zoom in to decrease the overlap of events and increase
the legibility of the labels. In most traces and depending on the adjusted zoom level, the
timeline will not fully fit onto the screen. The timeline is therefore scrollable in both
dimensions.
The correlation between the main view and the timeline is given by the Indicator. The
indicator is positioned to represent the active moment and the currently visualised Peer
Model state in the main view.
Figure 5.24 sketches its general structure. The timeline view closely resembles similar
views in video editing software packages. Within an event area, different types of events

Processor 1

Processor 2

Processor …

…
{

Time Rows {
{

Ruler

…
Event Areas

IndicatorZoom Slider

Figure 5.24: Overview over the structure of the timeline view. The temporal dimension
is laid out horizontally. The events are positioned according to their time and within
the processor they occur in. An indicator is used to show the currently selected point in
time. The zoom slider can be used to adjust the zoom level in the temporal dimension.

are visualised. Each event can be selected by the user which in turn visualises this event
in the main view. A discussion for each event type follows:

Initial State
The first event in each processor’s event area is the initial state. For each proces-
sor, the initial state is simply depicted by a vertical line that is located at the far
left. The line can be selected in order to jump to this moment and see the state of
the Peer Model at the beginning of the trace.

Wiring Activations
A wiring activation actually consists of multiple events. These are the events
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corresponding to action and guard link activations as well as service input and
output activations. To emphasise the affiliation of events belonging to a single
wiring activation, a bar that spans the time from the first guard link to the last
action link activation is drawn. The bar is subdivided into areas for the guards,
actions and services. Each of these areas is coloured slightly differently and a
linear gradient between them helps to emphasise the transition. The timespan of
services is also denoted explicitly by a bar with the service’s name.
For every event, a vertical line represents the exact moment and it also roughly
defines the clickable area to jump to this moment. For guard and action link
activations, a small label denotes the index (or indices, in the case of multiple
guard firings in a single event) to clarify the order and emphasise the correlation.
Guard and action links have differently shaped polygon labels. The labels for
the guard links resemble the back part of an arrow, while the action links are
shaped like the front part. Service events are shaped like arrows pointing up for
service input links and arrows pointing down for service output links respectively.
The backgrounds are always coloured according to the corresponding entry type
that the event acts upon. In the case of guard link events with multiple guards
firing, the background is coloured in a linear gradient that incorporates all the
corresponding entry type colours. Figure 5.25 shows a typical wiring activation
representation in the timeline.
The representation of a wiring activation in the timeline provides an overview and
shows the important aspects of a complete activation at a glance. Details like what
entries are processed specifically and the contents of the EC are omitted in favour
of providing an easily processible outline.

Entry TTL and TTS
The events pertaining to expiring TTLs and TTSs of entries are visualised sim-
ilarly. A simple vertical line that denotes the exact point in time, overlaid by a
label stating “TTS“or “TTL“ respectively. The label is coloured according to the
affected entry’s type.

DEST Property Moves
As discussed earlier, a DEST property move consists of two events. One event
when the affected entry leaves the peer container and another when it arrives at
its target. An interesting point about these two corresponding events is that they
can happen at different processors. This means that the two events can not be
connected by a simple bar as it is possible with wiring activations. Events on
different processors are inherently positioned below each other. For this reason,
a thin line connects the events that belong to a DEST property move. Similar
to the visualisation of these events in the main view, the line potentially cuts
through other event representations in the event areas between but is thin enough
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Figure 5.25: Typical wiring activation representation in the timeline. Guard and action
link events as well as the service events are denoted by a vertical bar and a coloured
label. The service’s name is explicitly shown within the service’ timespan bar. The
bottom bar shows the full temporal extend of the activation and the associated wiring’s
name. Note how two of the three guard events as well as the two service input events
are merged together.

TTL TTS

Figure 5.26: Timeline entry TTS and entry TTL visualisations. Similar to wiring acti-
vation events, the label is coloured according to the corresponding entry’s type.

to not affect readability much. Figure 5.27 displays how a DEST property move
is visualised in the timeline view.

An important feature of the timeline is to show multiple events and event-chains hap-
pening at the same time. This is done by displaying concurrent events organised along
the vertical dimension. This can be the case with events happening on different proces-
sors, but also within a single processor. In this case, the corresponding time bar’s height
is increased to accommodate concurrent events. For example, two wiring activations
might overlap in terms of their start and end time and therefore need two separate lanes
within the time row. The monitoring software tries to fit the event representations as
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Figure 5.27: Visualisation of a DEST property move in the timeline across different
processors.

tightly as possible not to waste precious space. Figure 5.28 shows a complete example
of multiple events visualised in the timeline, some of which are occurring concurrently.

Processor 1

Processor 3

Processor 2

Wiring X

121

Service 1
Wiring Y

3

TTS

…

Wiring Z

1

1-2

DM

DM 1-2

Figure 5.28: Complete example of the timeline view. A developer familiar with the
Peer Model’s mechanics can easily get an overview of the occurred events. “Processor
1“ activates “Wiring X“, which emits an entry (encoded in blue) with a set DEST prop-
erty. Afterwards, the entry is sent across processor boundaries to “Processor 3“, where
“Wiring Z“ picks it up shortly after. In the meantime, “Processor 2“ executes “Wiring
Y“ which can fulfil its third guard after an entry’s TTS has expired (encoded in green).
As the events happen concurrently, “Processor 2“ has two lanes.
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CHAPTER 6
Layouting

One of the main challenges when developing the monitoring software is the layouting
of the examined Peer Model. Users should not be tasked with manually positioning
wirings and sub peers and routing guard and action links before starting their intended
task. Thus, automatic layouting was a vital part of the software and is given its own
chapter. Well layouted models help the user in completing his/her tasks faster and in
a more efficient manner. Poorly constructed layouts do not offer a good representation
of the Peer Model and require manual repositioning of elements, thereby hindering the
user.
As established in chapter 5, both the static and the dynamic representation of the Peer
Model use the same layout. While they may display different information depending on
the context, the underlying layout is the same for both.
The devised Peer Model representation is that of a graph at its core. However, several
requirements, such as the ordering of guard and action links within a wiring present
additional challenges. Several papers exist on what makes good graph layouts [16, 65–
67]. These papers often conduct empirical studies to validate their claims. Many of
them define aesthetic criteria a graph should fulfil in order to aid the understanding.
These criteria include, but are not limited to:

1. Minimised number of edge crossings

2. Minimised number of edge bends

3. Maximised symmetry

4. Edge orthogonality

5. Node orthogonality
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6. Consistent flow direction

7. Minimised edge lengths

8. Unoccluded nodes

9. Minimised size

10. Suitable aspect ratio

The produced layouts should follow these criteria in order to make it pleasant to work
with. Unfortunately, it is not always possible to fulfil all criteria equally well. Some-
times, criteria conflict with each other and a decision has to be made on which one to
favour and to what extent. For example, in order to avoid edge crossings, edges might
have to be routed in a circuitous fashion which in turn increases the total edge length and
potentially introduces additional edge bends. The decision on which criteria to favour
and more generally, which decisions lead to the aesthetically more pleasing graph is not
trivial. Purchase et al. [65] tried to objectify the matter by introduced a metric to gauge
the readability of general, undirected graphs. Ware et al. [91] introduce a methodology
for evaluating the cognitive cost of graph aesthetics and empirically test their findings
by tasking users with finding the shortest paths in spring layout graphs. Another work
formulates an objective cost function based on a number of graph layout criteria and
compares algorithms according to this metric [20]. While the visual Peer Model nota-
tion is not exactly a graph, it can relatively easily be transformed into one (as discussed
later). Subsequently, the established criteria can be used as a guideline for layouting
Peer Models as well.
Generally speaking, different approaches to tackle the issue of graph drawing exist. The
two most prominent ones are Force-Based Graph Drawing and Layered Graph Drawing
(also called Hierarchical Graph Drawing). In force-directed graph drawing methods,
an initial placement of nodes is continuously altered according to forces defined through
the use of concepts adopted from physics, such as springs. Both repulsive and attractive
forces may be applied between single nodes or groups of nodes. The problem is either
solved through the minimisation of an energy function or through iterative adaptation
of the intermediate graph structure. An in-depth introduction to the algorithms used in
force-based graph drawing methods can be found at [37].
The most prominent implementation of a layered graph drawing method is the Sugiyama
framework [83], named after Kozo Sugiyama. It works by assigning each node to a layer
and structuring the graph in a tree-like fashion. Layered graph drawing very closely re-
sembles how a typical Peer Model is structured. Subsequently, certain concepts will be
adopted for the Peer Model layouting process. A detailed discussion of the Sugiyama
framework follows shortly.
Layouting a Peer Model is in many aspects similar to printed circuit board layouting
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(subsequently abbreviated CBL). The problem of efficient placement of spatial elements
onto a confined space, whilst following certain rules and constraints is common for both
fields. There exists a variety of software packages capable of automatically and semi-
automatically placing and routing elements on a circuit board [26,41,70]. An overview
of the topic of CBL is given by Abboud et al. [1]. Mathematical concepts are presented
for solving the two major issues component placement and wire routing. Interestingly,
this distinction is also similar to how the hereafter presented layouting process for the
Peer Model is structured. While the available space when performing CBL is often
predetermined due to standard sizes and constraints, the layouting process for the Peer
Model for the purpose of the monitoring tool theoretically has an unlimited amount of
space to work with. However, as one of the previously defined criteria states, it is prefer-
able to keep the layout’s size as small as possible. The crossing of conducting paths in
a circuit board is not allowed and must not exist in the layout. On the other hand, edge
crossings in the Peer Model layout are, while discouraged, possible and often unavoid-
able. An important feature of Peer Model layouting and difference to CBL is the Peer
Model’s recursive nature. Peers and wirings may be nested inside parent peers, poten-
tially multiple layers deep. The layouting process must therefore be able to recursively
layout sub peers, as discussed in section 6.4.
In order to justify the motivation and necessity for a proper layouting algorithm, con-
sider figure 6.1. The same Peer Model is layouted in two different ways. In subfigure I,
the elements were placed randomly within the parent peer and then connected in a ran-
dom order without considering edge crossings or bends. The only enforced rule was to
avoid having links move over elements. Otherwise, the layout would be even less read-
able. Subfigure II is the result of the layouting process developed during the thesis. This
layout is arguably much easier to read and understand than subfigure I. It features much
less edge crossings and bends and lays out the elements in a more pleasant way. Also,
it has a more consistent flow direction. While the naive layout has a lot of links going
up, down and backwards, most of the links in subfigure II move to the right, promoting
a natural reading direction. Lastly, it uses the space more efficiently and is therefore
smaller.
This chapter addresses the issues and details of the layouting algorithms used within the
monitoring software. A detailed discussion on the applied algorithms and techniques
for layouting Peer Models follows.

6.1 Node Layouting / Sugiyama Framework
Each peer belongs to a processor and within, each peer is layouted separately. The sub
peers and wirings along with their links are subject to the layouting. The implemented
process for a peer is comprised of three distinct steps. In the first step, a variation of the
Sugiyama Framework [83] is employed to roughly position the sub peers and wirings
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Figure 6.1: Comparison of two layouting results. Subfigure I shows randomly placed
elements, after which a naive orthogonal edge routing was performed to place the links.
In contrast, subfigure II is the result of the layouting process developed during this the-
sis. Objectively, II is the much better layout as it fares better in all previously established
criteria for graph layouts. Also note that even in the naive approach resulting in I, the
link routing is not trivially implemented as it avoids cutting through elements and tries
to minimise path lengths at the very least.

inside the peer. As the framework only works on simple, directed graphs, the peer that
is being layouted needs to be transformed. For each sub peer and wiring, a graph node
is created. Every wiring link is modelled as an edge between two nodes. Guard link
edges go from the container to the wiring, action link edges start at the wiring and go to
their respective container. PIC and POC of the surrounding peer itself are also added as
a graph node each.
It is possible for wirings to have no guards and sub peers to have no link connected to
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them, which can lead to multiple roots in the resulting graph (a root is defined as a node
that has only outgoing edges). To make sure that the PIC container is the single root and
is positioned as the left-most element by the Sugiyama framework, temporary edges are
added that connect the PIC’s graph node to these faux roots.
By way of example, figure 6.2 shows how a Peer Model is transformed into such a di-
rected graph. The resulting graph can be fed into the Sugiyama framework. The frame-
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Figure 6.2: Generating the input graph for the Sugiyama framework. Note that in this
example, the Peer Models are already shown fully layouted to improve the illustration.

work is actually a collection of several algorithms run in succession, including cycle
removal, distribution of nodes into layers, insertion of dummy nodes and permutation
of nodes inside layers to reduce edge crossings. After that, the elements are properly
sized and placed inside the surrounding peer. The following section describes each step
of the Sugiyama framework and also highlights the characteristics of this implementa-
tion.

Cycle Removal
Potential cycles in the graph need to be removed as the subsequent parts of the Sugiyama
algorithm only work with acyclic graphs, or more specifically, Directed Acyclic Graphs
(DAG) . A graph is considered acyclic if it contains no cycles [84]. There are different
approaches on how to remove cycles from a graph while retaining as many edges as
possible. One is referred to as the Minimum Feedback Arc Set [22]. It is described as
finding the minimum number of edges in the graph that need to be removed in order
to yield an acyclic graph. The problem is proven to be NP-hard for general, directed
graphs [44, 47].
For the purpose of this software, the input graphs are small. Peers generally contain
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only a handful of sub peers and wirings. Furthermore, it is not strictly necessary to find
the optimal solution. A suboptimal, yet reasonable solution often results in the same
layout as the optimal solution. For these reasons, a simple algorithm for cycle removal
is applied. The greedy algorithm introduced by Eades et al. [22] is implemented. The
algorithm is not optimal but offers a fairly good heuristic and has a lower computational
complexity than exact algorithms. Figure 6.3 shows the algorithm in action on a small
graph. It builds on the observation that source and sink nodes can not be part of a cycle.
An explanation of the algorithm follows.
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Figure 6.3: Performing the cycle removal algorithm by Eades et al. on the example
graph. I shows the initial graph containing a cycle. Consecutively, sources, sinks and
isolated nodes are removed from the input graph along with their edges and added to
separate sets (shown in blue). The process continues until, at VII, no more sources,
sinks or isolated nodes exist in the graph. Therefore, at VIII, a node is chosen and its
outgoing edge is removed (shown in red). The algorithm continues until the graph is
empty. The retained vertex and edge sets represent the final acyclic graph (X).
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Let G = {V,E} denote the input graph, where V is the vertex set and E the edge set.
Furthermore, let e+(v) denote the set of outgoing edges of a vertex v ∈ V and e−(v) the
set of incoming edges. Finally, define the out-degree of a vertex as d+(v) = ∣e+(v)∣ and
the in-degree as d+(v) = ∣e−(v)∣.
v is a source node if d−(v) = 0 and a sink node if d+(v) = 0. At each step, the algorithm
greedily removes all sources and sinks from the graph. These nodes, along with their
in- and outgoing edges are added to the sets Kv and Ke, respectively. Fully isolated
vertices, where d+(v) = d−(v) = 0 are also removed from the graph and added to Kv.
After that, the node x where d+(x) − d−(x) = max is found. e+(x) is added to Ke,
whereas e−(x) is simply removed from the graph. The iteration continues until G is
empty. The resulting graph Gn = {Kv,Ke} is guaranteed to be acyclic. For an in-depth
analysis of the algorithm, refer to [22].

Node Layering
The graph is now guaranteed to be acyclic and connected. In this step of the Sugiyama
framework, each node in the graph is assigned a layer. For the purpose of this software,
the graph is best visualised with the node corresponding to the PIC on the left and its
children spreading to the right. Using this representation, the graph’s nodes can be laid
out on distinct, horizontally placed layers / columns. Let L(x) denote the layer of node
x and p(x) = {v ∈ V ∣(v, x) ∈ E} the set of parent nodes of x. The layer is decided
as L(x) = max

y∈p(x)
(L(y)) + 1, except for the root node, where L(x) = 0. In other words,

the layer of a node is the maximum layer of its parent nodes plus 1. A node is defined
as a parent node p of node x if there exists an edge going from p to x. This recursive
assignment makes it clear why the graph must not contain any cycles as that would lead
to infinite loops. Figure 6.4 shows the graph after the layer assignment step.

PIC

W1

W2 SP 1 W3

SP 2 W4

POC

Layer I Layer II Layer III Layer IV Layer V Layer VI Layer VII

Figure 6.4: Example graph after the node layering is completed. Note how the PIC and
POC are assigned to the first and last layer exclusively.
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Dummy Node Insertion
The last step in the Sugiyama framework, which is responsible for minimising the num-
ber of edge crossings can only work when all edges only connect nodes on neighbouring
layers. As can be seen in figure 6.4, this is generally not the case after the node layering
step. Thus, temporary dummy nodes need to be introduced into the graph. Each edge
that connects distant nodes is replaced by a sequence of temporary nodes and edges that
form a chain. The number of nodes in a chain is set to the difference in layers between
start and end node minus 1. Figure 6.5 shows the result of that process for the example
graph.

W1

W2 SP 1 W3

SP 2 W4

POC

Layer I Layer II Layer III Layer IV Layer V Layer VI Layer VII

D5 D6

D1 D2 D3 D4

D7 D8

D9 D10 D11 D12

D13 D14 D15 D16

PIC

Figure 6.5: Insertion of chains of dummy nodes into the graph. Every edge connecting
distant nodes is replaced by such a chain. After this step, edges in the graph only connect
nodes on adjacent layers.

Edge Crossing Minimisation
While a node’s horizontal position is determined by its layer, its vertical positioning was
not discussed until now. Until this point, all figures showed the nodes already placed in
vertical positions that led to no edge crossings. However, this is not guaranteed during
the actual algorithm. Furthermore, some graph nodes correspond to wirings in the Peer
Model. For wirings, the vertical order of in- and outgoing edges matters. While the
order of edges does not lead to a different number of crossings in the graph itself, the
resulting Peer Model layout suffers from suboptimal ordering. Consider figure 6.6 for
an example how a different order in the graph leads to different results in the layout.
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In order to minimise the number of edge crossings, two passes of node reordering take

Sub Peer 2
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A2
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G2

G1

Sub Peer 1

Sub Peer 1

W1
A2

A1

G2

G1

Sub Peer 2

W1

SP 1

SP 2

W1

SP 2

SP 1

Figure 6.6: Two variations of a simple node graph and the resulting layouts. While the
graphs themselves exhibit no crossings in either case, II represents a suboptimal layout
as the links have to be routed in a way that creates a crossing. The node placement of
variation I is preferred.

place. In both passes crossings are minimised layer by layer. In the first pass, layers are
processed left to right, in the second right to left. In a layer sub-step, the current layer
itself stays fixed, while the nodes in the next layer are permuted in order to find the best
solution. As the graphs are relatively small, it is feasible to look at all permutations of
node orderings. For each ordering, the number of edge crossings is calculated and the
permutation with the smallest number is chosen. As stated before, it is not enough to
only look at the graph’s edge crossings. When wirings are involved, the ordering of the
edges plays a crucial role. To introduce an order, the outgoing edges of each node are
indexed. Edges with lower indices are considered to start at a higher vertical position
in the corresponding Peer Model layout and vice versa. Figure 6.7 illustrates a typical
problem in the edge crossing minimisation step.
The process to determine how many edge crossings a certain permutation would pro-

duce is calculated according to algorithm 6.1. The algorithm looks at each outgoing
edge in a layer in succession. It inspects nodes that have a higher vertical index than the
current edge’s source node, but have edges targeting a node with a lower index than the
current edge’s target. Such a case corresponds to an edge crossing. For nodes represent-
ing wirings, the edges below the current one in the same node also need to be considered
and checked for potential crossings.
When all permutations for a layer are explored, the one with the minimum number of
crossings is chosen and the graph is updated accordingly. Then, the next layer is pro-
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Figure 6.7: Typical setup in the edge crossing minimisation step. Layer N is considered
fixed, while layer N + 1 is permuted. Subfigure I shows a suboptimal permutation that
results in seven edge crossings (marked red). Subfigure II on the other hand features an
improved permutation of the nodes in layer N + 1 and has only one crossing. Note that
the outgoing edges of nodes in layer N are ordered (particularly node X) and how this
affects the results.

cessed. If a permutation without crossings is encountered, the loop is exited early as
this represents an optimal solution and further exploration of the problem space is re-
dundant.
After the left-to-right pass has finished, the right-to-left pass is executed. In this pass,
the algorithm looks at incoming edges rather than outgoing ones and permutes the nodes
in the previous layer. Looking at figure 6.7, layer N + 1 would be the fixed layer while
layer N is permuted. Once the pass has reached layer 1, the edge crossing minimisation
step is complete.

Element Sizing
A two dimensional grid is established along which the elements are aligned as this
makes exact placement easier. The grid also helps with the later layouting steps, espe-
cially edge routing. The smaller the grid’s cells, the more freely the elements can be
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1 Function calculateEdgeCrossings(L)
2 num← 0;
3 for i← 0 to L.size do
4 for j ← 0 to L[i].outgoing.size do

// store the index of the current edge’s
target

5 targetIndex← L[i].outgoing[j].node.index;
6 if L[i].correspondsToWiring then

// current node is actually a wiring, so the
order of the links matters and subsequent
links of this node are checked for
crossings

7 for k ← j + 1 to L[i].outgoing.size do
8 if L[i].outgoing[k].node.index < targetIndex then
9 num← num + 1 ; // found a crossing

10 end
11 end
12 end

// check edges of subsequent nodes for
crossings

13 for k ← i + 1 to L.size do
14 for l ← 0 to L[k].outgoing.size do
15 if L[k].outgoing[l].node.index < targetIndex then
16 num← num + 1 ; // found a crossing
17 end
18 end
19 end
20 end
21 end
22 return num;
23 end
Algorithm 6.1: Calculating the number of edge crossings for a layer permutation.

placed. Elements can also be manually repositioned by the user after the initial layout-
ing (see section 7.4 for a detailed discussion on this topic). The grid is respected in this
operation as well and elements are snapped to the grid in all situations. Hence, having a
fine-meshed grid also gives the user more freedom in his/her layouting choices. On the
other hand, a coarse grid makes it easier to align elements with each other. A smaller
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cell size negatively affects the performance of the layouting algorithm. Both the edge
routing and packing stages rely on the grid and take longer when using a finer-grained
mesh. For all the presented reasons, a cell size of 15 pixels was chosen as it represents
a good compromise. However, the layouting framework is implemented to work with
other cell sizes as well, should the need arise.
Before the elements can be placed, their exact dimensions need do be determined. This
sizing process happens in grid units. As described in chapter 3, (sub) peers can be
nested inside each other. While working with the monitoring tool, the user can choose
if he/she wants to view a sub peer in full detail (expanded) or wants a compact, simpli-
fied representation that saves screen space (collapsed). Therefore, two representations
of a sub peer exist, depending on the user’s choice. Figure 6.22 shows the difference in
visualisation of a peer, first expanded, then collapsed. An expanded sub peer is layouted
by applying the layouting process in a recursive fashion. Its size is therefore dependent
on the results of the layouting procedure responsible for this sub peer. For a detailed
discussion on recursive layouting of sub peers, refer to section 6.4. On the other hand, a
collapsed sub peer is layouted in a more simple manner. Its inner workings are hidden
from the user, which is another example of the Visual Information-Seeking Mantra [79].
A collapsed peer should be visualised as small as possible while still offering the most
important information like the peer’s name as well as its containers. As wiring links can
be connected to the PIC and POC of a peer, it should be sized vertically so that each
link can connect without overlapping others. Figure 6.8 shows a typical collapsed peer
and its dimensions.
A wiring’s height is determined by the number of guards and actions and by the max-

Test Peer
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Title
Width3

Container
Height

2

Figure 6.8: Dimensions of a collapsed peer. The container height is dependent on the
number of incoming links while the title width is set in accordance with the peer’s label
width.
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imum height of its services. Guard links are always on the left side of the wiring, even
in cases when the guard link targets containers to the right, such as the POC of the par-
ent peer. On the other hand, action links can be positioned on either side, depending
on where their target container is within the layout. As the coarse positioning is known
from the previous steps, the action link’s side can be deferred from the target container’s
associated layer. If the target’s layer is smaller than the wiring’s layer itself, the action
link is positioned on the left side and vice versa. While this can lead to suboptimal lay-
outs in theory, using this heuristic for determining the side of the action link has served
well in practice.
A wiring’s width is defined by its services, the link bases on either side and the label
stating its name. Services are positioned in a way that their service links do not interfere
with the guard and action link bases. Also, a gap of 1 unit between services is main-
tained for better readability. Figure 6.9 shows a typical wiring and its dimensions.
Each sub peer and wiring has a layer and an index assigned to it. Using this informa-
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Figure 6.9: Typical wiring and its dimensions visualised. A wiring’s width is dependent
on the width of its services and the link bases of its guard and action links. Its height
is deferred from the maximum height of its services and the number of link bases on
either side.

tion along with their sizes, the elements are placed inside the surrounding peer. To find
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the exact positions on the grid, the maximum width for each layer and the maximum
height for each index is determined from the element’s sizes. This spans a coarse grid,
with each cell containing at most one element. Additionally, gaps are inserted between
cells both horizontally and vertically. To facilitate better edge routing, the elements of
horizontally neighbouring cells are vertically aligned so that their areas where edges
connect start at the same vertical position. Consider figure 6.10 for an example on how
this helps simplifying the overall layout. Horizontally, the elements are left aligned
within their cell.
It is important to leave enough space between neighbouring cell columns so that the
links can be routed in an efficient manner. A crucial observation is that a single link
can only have at most one vertical edge in the area between two columns. This leads to
the rationale that the number of links crossing between two columns is an upper bound
for the needed space in order to allow proper routing. Employing this bound guarantees
a reasonable setup for the subsequent link routing procedure. It should be noted that
while this approach is wasteful in many circumstances, the packing step which will be
discussed later is capable of remedying this issue. Figure 6.11 shows the example peer
after the node layouting step.

6.2 Link Routing
The second step in the layouting process is link routing. While the wirings and sub peers
themselves have been placed, wiring links were mostly ignored until now. Whereas
guard and action links demand proper routing, services are always placed on top of
their associated wiring. Hence their links require no routing and are simply connected
in a straight vertical line. The subsequent discussion is therefore solely concerned with
routing action and guard links.
For better readability of the peer, only orthogonal edges are allowed. This means that
edges can only be either vertical or horizontal, but not oblique. Orthogonal edges give
a more tidy look, while graphs with slanted edges can look disorganised.
The grid established in the previous step is used again to route all guard and action
links. Edges can only move along grid points. This both simplifies the routing process
and results in a consistent look. As the elements themselves are also aligned, the start
and end points of links always lie on the grid. Links are always routed from a wiring
to a (sub) peer’s container. This seems counter-intuitive at first because guard links are
actually depicted as arrows moving from a container to the wiring. However, during
layouting, it is beneficial to treat them as a path going in the other direction. This makes
it possible to treat guard links the same as action links. While all links have a single
starting point at their respective wiring, their target is generally not a single point. A
link can end at a container at one of multiple places and the position that results in the
best path needs to be found in the course of the link routing process.
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Figure 6.10: Example how proper vertical alignment of neighbouring elements helps
creating shorter links. As the upper two subfigures show, aligning the elements at their
top or bottom often leads to suboptimal links. Aligning them along their first common
link produces better results. Note that the link labels are omitted for clarity.

Links are routed one after the other, but make use of the information from previously
routed links. Because of this, the order in which this happens greatly affects the outcome
of the process. As a general heuristic, shorter links are routed first. For each link, the
Manhattan Distance between the start and each potential target is calculated and the
shortest one is chosen. The manhattan distance between two points is calculated as

d(a, b) = abs(ax − bx) + abs(ay − by)

This constitutes a heuristic for the length of the final path. Routing shorter links first in-
tuitively makes sense, because these are mostly those that connect elements from neigh-
bouring layers, possibly even on the same vertical index. If long links were to be routed
first, they could potentially cut through the short links’ ideal paths, possibly forcing
them to find different, much longer ones. At the same time, links with long paths gener-
ally do not benefit as much from this prioritisation. It should be noted that this heuristic
does not always lead to an optimal solution but produces fairly good results in virtually
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Figure 6.11: Layout after the node layouting step for the example peer. Note that the
links, with exception of the service links, are not yet routed (depicted in orange). Proper
routing is the goal of the next step in the layouting process.

all circumstances.
While the approach works well in most use cases, there is a prominent edge case in
which it leads to suboptimal layouts. If two or more links share the same start wiring
and target peer container, applying the just discussed metric often leads to unnecessary
crossings. Refer to figure 6.12 for an in-depth explanation of this issue. As this use
case is very prevalent in typical Peer Models, an exception to the rule is applied: if two
or more links share the same start wiring and target container, their relative order of
routing is reversed.
To route a path, the A* pathfinding algorithm [17,56,75] is applied. In its primal form,

A* finds the shortest path between two nodes in a directed graph. The graph also has to
have a metric, which is established by giving each edge a weight that represents the cost
associated with traveling along that edge. Furthermore, all weights need to be positive.
The grid used in the previous steps serves as the basis for the pathfinding graph. As one
of the goals when routing a link is to minimise the number of corners, this is ensured
by setting up the graph in the following manner: for each point in the original grid, four
graph nodes are created. While they all occupy the same space, they also encode direc-
tional information. Each of the four nodes represents the current direction (up, down,
left or right). Each graph node has at most three outgoing edges, which correspond to
the movements of turning left, turning right and continuing in the same direction. The
two edges that represent a turn are given a higher cost, which enables the A* algorithm
to avoid unnecessary turns. Figure 6.13 shows a cutout of the resulting graph. For a
detailed explanation of the A* algorithm itself, including performance and optimality,
refer to [17, 56, 75].
For the algorithm to create sensible paths, obstacles are inserted into the graph to mark
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1 2 12

Figure 6.12: Example case where the rule of routing shorter paths first leads to subop-
timal layouts. In the left case, the shorter (as calculated by the heuristic) path is routed
first. As it tries to find the shortest path, it connects to the peer at the lowest possible
position. However, this requires that the subsequent link crosses the first in order to
connect to the peer as well. In the right case, the order of routing is reversed which
leads to a better layout. Note that the link labels are omitted for clarity.

areas that should be avoided. Because it is crucial that the links are fully routed in all
cases, rather than completely disallowing moving through such areas, a high movement
cost for the associated edges is applied instead. This makes sure that the algorithm
avoids such regions, but still cuts through them if absolutely necessary.
Obstacles are inserted at wiring and sub peer locations into the pathfinding graph. While
sub peers are simply represented by a rectangular area, obstacles for wirings are a bit
more complex. If a wiring has services, the areas to the right and left of the service
block are not penalised to allow paths to freely move through. Each link going out from
a wiring also has a link label attached to it. The label is placed right next to the start of
the link’s path. It is beneficial if the links themselves fan out horizontally until they are
past the link labels. Links cutting through labels impair visual quality and readability
of the label’s text. However, in some circumstances it is still necessary to cut through
labels to avoid even worse layout deficiencies. Because of that, edges moving out from
the guard link and action link bases in a horizontal fashion are not penalised. That en-
courages the A* algorithm to route the link horizontally until it is past the labels. Figure
6.14 shows the path grid after obstacle placement for a wiring. One goal while routing
the links is to avoid edges crossing over other edges. While the node placement step
does its best to minimise crossings, many peer configurations are simply not planar and
therefore can not be routed without crossings. The term planarity refers to a property
of graphs. A graph is considered planar if it can be drawn in a two-dimensional space
without any edges crossing [92]. The same observation can be applied to Peer Model
layouts. While edge crossings should be avoided, multiple edges occupying the same
space, effectively overlapping one another are even worse. Overlapping edges impair
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Figure 6.13: Small cutout of a pathfinding graph. If at a, X represents the edge that is
taken when continuing moving to the right. Taking Y means turning left and going up,
Z turning right and going down. Y and Z are given a higher cost than X to penalise
turning. For readability, only edges emanating from a are shown.

readability a lot and make following paths confusing and error-prone for the user.
Both issues need to be considered during the link routing step. After a link is fully
placed, the edges it moves along are penalised as high as obstacles to ensure that links
routed afterwards avoid using them again. Furthermore, edges that are perpendicular to
used edges are also penalised, even though not as highly. Thus, later links are preferably
routed around rather than cutting through already placed links. The corner penalty and
the crossing penalty are closely related and care has to be exercised when deciding on
these numbers. Table 6.1 shows the movement costs and penalties used. Note how a
parallel path is penalised as much as edges inside an obstacle.
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X [all]
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Figure 6.14: Obstacle placement for a wiring before pathfinding. Red denotes highly
penalised edges. Blue denotes unmodified edges. The areas to the left and right of the
service are freely passable. Note how the areas around labels are penalised, while the
edges where the links should ideally go are not (blue). The last link on either side is
also allowed to move downwards as there are no labels blocking the way. Also note that
turning edges are omitted from the pathfinding graph in this figure to improve readabil-
ity.

Cost
Default 1
Corner penalty 3
Crossing path penalty 9
Parallel path penalty 20
Obstacle penalty 20

Table 6.1: Movement costs and penalties for the link routing step. Note that the penal-
ties are cumulative to ensure that even inside obstacles, paths avoid crossings and cor-
ners. The values have been determined heuristically in the course of development.

While the start at the wiring is a single node in the pathfinding grid, the target (a
peer container) generally consists of an area that spans multiple locations on the grid.
The A* implementation is therefore adjusted to work with multiple targets for a single
path. The heuristic evaluated at each step in the algorithm is calculated for each target
node and the smallest one is considered the current target. Also, the check whether
or not the algorithm has terminated is extended to check for all targets instead of only
one. Besides the location, the path’s direction must also match the target ones to be
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considered equal. As stated earlier, the direction is encoded into the grid as well. For
the surrounding peer, the PIC must be approached from the right while the POC must be
approached from the left. For sub peers, the directions are reversed. Figure 6.15 shows
the exemplary peer after the link routing stage.
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Figure 6.15: The example peer after the link routing stage. Guard and action links are
properly routed (shown in blue).

6.3 Packing
Up until this point in the layouting process, minimising the size of the resulting visuali-
sation was not a major concern. While the elements themselves are sized as efficiently
as possible, there is a lot of empty space between them. However, as established in the
beginning of this chapter, minimising the size of the visualised Peer Model is an impor-
tant criteria. The Packing step in the layouting process aims to reduce the size of the
current layout by moving the elements closer together without sacrificing legibility. By
minimising the size of all peers, more information can fit onto the screen, reducing the
need for scrolling and improving the user interaction.
Having enough space was vital for the link routing step to find efficient paths for the
guard and action links of wirings. Therefore, as discussed in the subsection concerned
with the placement of elements, the horizontal space between horizontally neighbour-
ing elements was chosen heuristically to make sure the links can be routed in a sensible
way. The chosen gap size is a general upper bound to the horizontal space required for
proper routing in all cases, but is often times wasteful in terms of space. Additionally,
in the Node Layouting step, the elements are placed on a coarse grid, whose cell width
and height is determined by the widest and highest element respectively. This can also
potentially waste a lot of space.
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Packing is the process of moving the elements within a peer closer together. This in-
cludes the movement of sub peers and wirings along with their guard and action links.
However, there are limits to how far these elements can be moved towards each other.
The grid established in the previous steps is still of significance. In order to respect the
grid, the packing algorithm only moves elements in grid units. All wirings and sub peers
should have at least one grid cell of space between each other, so they do not touch or
overlap. Similarly, they should not touch the boundaries of their enclosing parent peer
either. Parallel links should also have at least one grid cell of space between them. The
link routing stage specifically took measures to avoid overlapping links and a packing
algorithm that is too aggressive would nullify that effort.
An interesting way to look at potential wasted space is to view it in terms of paths. If
there is a path going from the top of the layout to the bottom without moving through an
obstacle, there is room for improvement. If such a path exists, it cuts the existing layout
into two sets, one on the left of the path and one on the right. The two sets can then
be moved towards each other without violating any constraints imposed earlier, thereby
reducing the width of the layout. The procedure can also be performed along the other
dimension to reduce the size vertically. The problem of finding and eliminating unnec-
essary empty spaces is essentially transformed into a problem of pathfinding.
The packing procedure is split into two phases, one for each dimension. The first phase
is concerned with eliminated unnecessary gaps in the horizontal dimension, the second
in the vertical dimension. Apart from a few minor differences, the procedure is equal
for both phases:

1 while true do
2 graph← setupGraph ();
3 path← findPath (graph);
4 if path.valid then
5 [leftSet, rightSet] ← createSet (path);
6 moveSet (rightSet);
7 else
8 break;
9 end

10 end
Algorithm 6.2: Packing Phase Overview

The presented algorithm tries to find a valid path through the layout. If it does, it
splits the elements into two sets according to the path and moves the right set towards
the left. It continues until it cannot find any valid path. A second packing phase for
vertical gaps is run afterwards. A detailed discussion of each step in the packing phase
follows. Note that the subsequently described steps refer to the horizontal pass. The
steps for the vertical pass are essentially the same, but with swapped dimensions and
directions.
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Graph Setup
Just as in the pathfinding step, a graph grid is generated to run the pathfinding on. How-
ever, while the pathfinding procedure shows similarities to the link routing process,
there are important differences. Firstly, this algorithm works on the weak dual graph of
the original pathfinding graph used for link routing. The weak dual to a graph A is the
graph that has a vertex corresponding to each bounded face of A, and an edge joining
two neighboring faces for each edge in A [27]. Figure 6.16 shows the graph used for
packing in blue laid on top of a small test layout.
Secondly, while the link routing algorithm only penalises edges, it still allows travers-
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Figure 6.16: Visualisation of the dual pathfinding graph laid on top of a small peer
layout. Note how the wiring links move shifted in between the nodes instead of along
them.

ing them. Conversely, for the packing problem, obstacles are placed by removing certain
edges from the graph, effectively prohibiting the traversal of these edges entirely. All
traversable edges in the graph have the same movement cost. Thirdly, while the link
routing graph contains four nodes per location to account for turning (see figure 6.13),
the packing graph only contains one per spatial position. It is to be defined what counts
as an obstacle within the graph for the purpose of the packing phase:

Sub peers and wirings
Areas where sub peers and wirings are placed are fully impassable. For wirings,
this also includes service call blocks along with their service links. Furthermore,
the first part of each wiring link (where the link’s label is located) is not crossable
either.

Vertical link edges
In the case of the horizontal phase, only horizontal guard link and action link
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edges may be crossed. Vertical edges of links are not crossable. This behaviour
is inverted for the vertical phase.

Left- and rightmost columns
The left- and rightmost columns of nodes in the graph along with their edges are
made impassable. This ensures that the pathfinding does not find paths that lead
to one of the two resulting sets being empty.

For the purpose of explaining the packing algorithm, a small peer layout is used for
visualising the performed actions. Figure 6.17 shows this layout and its packing graph
with obstacles placed.
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Figure 6.17: Small example peer layout with its corresponding packing graph displayed
on top. Note how the areas where sub peers and wirings are placed are explicitly made
impassable in the graph.

Pathfinding
The next step in the packing phase is pathfinding. Informally speaking, if a path from
the top of the graph to the bottom can be found, the layout can be packed more tightly
horizontally. It should be noted that in the horizontal phase, two additional graph nodes
have to be inserted at the top and bottom of the graph. They are used as the start and
goal of the pathfinding algorithm, respectively. Edges connect the start to the first row
of nodes while the bottom row is connected to the goal. In the presented figures, these
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nodes are omitted for the sake of better readability. The pathfinding itself is performed
by a variation of the previously discussed A* algorithm. All traversable edges are given
the same weight and the euclidean distance is used as the heuristic.
Figure 6.18 shows a valid path through the test layout. While the wirings and sub peers
themselves are not passable, horizontal links can be crossed vertically by the path. Note
that the first and last edge of the found path are removed again for the next packing step.
If no path can be found, the layout is considered optimally packed with regards to the
respective dimension and the step ends.
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Figure 6.18: Packing graph with a valid top-to-bottom path.

Set Creation
A successful path geometrically splits the layout into two distinct areas. Each sub peer
and each wiring are on either side of the path and therefore belong to the left or right
area respectively. Links that are not crossed by the found path can also be assigned to
one area exclusively. For links that cross the path, a more elaborate process is neces-
sary.
For the purpose of the set creation, guard and action links are split into their control
points. Sub peers and wirings are reduced to a single point corresponding to their top
left position. This results in an input set S of 2D positions, each being a representative
of a sub peer, a wiring or a control point of a link. The elements of S are then divided
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into two output sets, L and R. By setting up the pathfinding graph as done in the previ-
ous subsections, both L and R are guaranteed to be non-empty if a path has been found.
As the used pathfinding grid is the dual graph of the grid used for element placement, a
point in S can always be exclusively attributed to either L or R. Mathematically, {L,R}

is a partition of S.
To determine which point in S belongs into which output set, a polygon PL is con-
structed, corresponding to the area to the left of the path. After the elements of L are
determined, elements of S belonging to the right set R can afterwards be found by sim-
ply setting R = S ∖ L. PL is made up of the vertices of the splitting path, followed by
two additional vertices, one located in the far top left of the layout, one in the far bottom
left.
For each point P ∈ S, a check whether or not the point lies within the polygon PL is
performed. This is known as the Point-In-Polygon Problem (PIP). PL in general can
be concave but is guaranteed to have only straight edges. A found splitting path never
self intersects, Therefore, the resulting polygon is also never self intersecting. While it
is possible that subsequent edges of the polygon are collinear, this can safely be disre-
garded. The Even-Odd rule is used to perform the PIP test. It works by tracing a ray
from the point in question into any direction and recording the number of polygon edges
it hits on its path. If the number of hit edges is odd, the point is determined to be inside
the polygon. If the number is even, the point is considered outside. For a more detailed
discussion of the PIP problem, refer to [34]. Figure 6.19 shows the advancement in the
packing phase from figure 6.18. The polygon PL is depicted in green, with its vertices
and edges in blue. The green points correspond to the elements of L, while the red
points represent the elements of R. Note how PL is defined big enough to also contain
the leftmost points of S.

Set Movement
The previous step was responsible for finding the elements of the layout that should be
moved. This corresponds to the set R of points, which in turn represent wirings, sub
peers and controls point of links. In the horizontal phase, these layout elements are now
shifted to the left by one grid position. It is important to note that the control points
of links that dock onto the POC of the surrounding peer now do not fully connect it it
anymore. For this reason, the surrounding peer is also reduced in width.
Figure 6.20 continues the packing process for the example peer from figure 6.19. Sub-
figure I displays the excessive space that can be conserved by moving the elements of
the set R to the left. Subfigure II shows the packed layout after the set movement step
is completed. This also marks the end of the packing step. No valid path can be found
anymore that would cut the layout into two sets, both horizontally and vertically. The
layout depicted in subfigure II is considered optimally packed and the packing step is
therefore completed. Figure 6.21 shows the example layout used in the previous parts
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Figure 6.19: Splitting the layout into two distinct polygons. The left polygon (outlined
in blue, filled with green) contains the elements corresponding to the green dots. The
right polygon contains the other elements corresponding to the red dots.

of the layouting process after the packing step has been applied to it. Compared to fig-
ure 6.15, the layout is more compact and the available space is used more efficiently.
It should be noted that there are certain edge cases in which the just proposed packing
algorithm does not lead to an optimal solution in the sense that it neglects to move ele-
ments closer together. However, these cases are very rare in practice and do not impact
the general usefulness of the packing process.
A interesting characteristic of the algorithm is that it does not change the general struc-
ture of the layout. The rough positions of elements and their relation to each other is not
changed. Also, no additional link edges are introduced.

6.4 Nested Peers / Recursive Layouting
The structure of the Peer Model is recursive in nature. This facilitates a component
based design and encourages the reuse of peers. The same peer definition can be instan-
tiated and used in multiple places. Specifically, peers can be nested inside each other.
Inside a peer there can be wirings and sub peers, which in turn can also contain yet other
wirings and sub peers. This is a challenge for the layouting and the visualisation of Peer
Models in general.
While working with the monitoring tool, the user has the option to expand and collapse
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Figure 6.20: Moving the sets closer together. Subfigure I shows the potentially wasted
space that can be removed as found in the previous steps. Subfigure II displays the
layout after the right set has been moved.

peers at his/her convenience in order to expose information he/she is interested in or to
hide currently irrelevant information. The layouting and visualisation of collapsed peers
is described in the previous subsections. For expanded peers, the whole layouting pro-
cess is run again in a recursive fashion. Inner peers need to be layouted first in order to
compute their final size. This information can then be used to properly layout the parent
peer. It should be noted that even the root peers inside a processor can be collapsed to
give the user a very high-level view on the complete Peer Model. Figure 6.22 shows a
small peer layout, once with the sub peer collapsed, once expanded.
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Figure 6.21: The example peer after the packing step. The elements are positioned
much closer to each other than before and the available space is used more efficiently.
Compare to figure 6.15 to see the difference.

6.5 Processor Layouting

The previous subchapters discussed how a single peer and its child elements are lay-
outed. This subchapter deals with the positioning of readily layouted peers within their
respective processor and how the processors themselves are positioned. For all posi-
tionings, the previously discussed grid also applies.
Within a processor, the layouting process for each contained peer is run. After that, the
full size of a peer is known and it can be properly placed within the processor. Peers
are positioned one below the other. The order is determined by the peer’s appearance in
the static structure definition. See section 7.2 for a detailed discussion of the static Peer
Model structure.
The processor’s width is determined by the widest peer plus a small border. It’s height
is calculated as the sum of all contained peers as well as gaps between peers and borders
at the top and bottom. At the top, the border is slightly broader to fit a label that states
the processor’s name.
Multiple processors are aligned horizontally and are placed one after the other. This is
to compensate for the vertical ordering of peers within processors and use the screen
space efficiently. Just as with peers, the order of the initial horizontal placement is also
determined by the appearance of the processors in the VIL. However, a specific Peer
Model might have a certain semantic to it that is better explored by the user when a dif-
ferent positioning is used. For this reason, processors can be manually moved in order
to get a better visualisation. However, the movement of peers within a processor is not
allowed.
Figure 6.23 shows how the general structure of the complete layouting process. It gives
an overview over how its parts are interrelated and depicts the general sequence of al-
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Figure 6.22: Small test peer, once with sub peer 1 collapsed (I), once expanded (II). Ex-
panding a sub peer leads to a larger overall layout. The layouting process is recursively
repeated for expanded sub peers.

gorithms necessary to layout a Peer Model.

6.6 Relayouting
In certain situations the layout needs to be redone. This is primarily the case after the
user has manipulated the layout manually. Relayouting can happen in a number of ways.
In some cases only a subpart of the layout is restored, in others the complete model is
subject to relayouting.

Repositioning of elements
The user has the ability to reposition elements after the initial layouting step. In this
case, the corresponding links that connect to the moved element obviously need to be
updated as well. Unfortunately, it is generally not possible to only reroute the directly
affected links only as other links might be affected indirectly by the new routes. Fur-
thermore, only rerouting a portion of the links negates the previously established routing
order. Therefore, all links within the parent peer are rerouted according to the procedure
discussed in section 6.2. Rerouting might also change the required space the peer needs.
Thus, the update is recursively applied to all parent peers in the chain up until the last
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Figure 6.23: Structural overview over the complete layouting process.

peer that is a direct child of the processor. Apart from that, no other layouting steps are
performed.

Expanding of a sub peer
The expansion of a sub peer has far reaching consequences. First of all, the sub peer
itself needs to be fully layouted. This is done by applying the complete layouting pro-
cess. Secondly, as the sub peer might have changed its size due to this, its parent peer
needs to be partially relayouted as well. It is therefore treated as if the sub peer was
moved and a rerouting is applied (see the previous subsection).

Manual relayouting
The user is provided with the functionality to force a full relayouting of a peer or sub
peer. This is especially useful when wanting to reset the layout after moving around a
lot of elements or after expanding a lot of sub peers. The peer in question is subject to a
complete relayout while its parent peers recursively have their links rerouted, just as in
the previous cases.

Compact representation of services
Changing the way how services within a peer are represented is a severe change. Thus,
the peer in question is fully relayouted like in the case of a manual relayouting.
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6.7 Conclusion
This chapter presented the developed framework for layouting Peer Model visualisa-
tions. The framework consists of a series of algorithms performed in succession. The
combination of the Sugiyama layout algorithm with grid-based path finding and the
packing algorithm presents a novel approach for layouting graph structures like the vi-
sual Peer Model notation. In particular, the introduced packing algorithm is a novelty.
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CHAPTER 7
Implementation

While the last chapter dealt with the layouting process in particular, the focus of this
chapter is to describe the general implementation of the monitoring tool. Topics include
the motivation behind the choices in technology, such as the software platform, the
UI framework and the graph layouting library. The general code architecture and the
motivation behind it is presented. Furthermore, the applied interaction techniques as
well as the development of the input file formats are discussed. Also, general issues and
considerations that came up during the implementation phase are presented.

7.1 Technology Choices
Before developing the monitoring software, research was conducted to decide on which
technologies and software solutions to use. The found requirements (see chapter 4) offer
a good insight into what the technologies need to be capable of.

Software Platform
Three software platforms were examined: C++, Java and .Net. For C++ and Java, a GUI
framework was tested each. A discussion on the three platform follows:

C++ and Qt
Qt [68] is a cross-platform application framework. It features native graphical
user interfaces on most operating systems and therefore integrates well into the
platform. Instead of implementing its own controls, It uses the native APIs of
the underlying operating systems for the rendering and interaction of control ele-
ments whenever possible.
Qt is essentially a C++ framework, but offers bindings for other languages, such as
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Ada or Python. Additionally, developers may leverage JavaScript and the markup
language QML for developing graphical user interfaces [69]. Apart from graphi-
cal user interfaces, it may also be used for other software, such as command-line
tools.
An important concept of Qt is Signals and Slots. It is the preferred way for real-
ising communication between objects. GUI widgets (or other objects) may send
signals that contain information, such as event data. Signals may then be received
by other objects using slots. C++ does not natively support this concept, but Qt’s
implementation spares the developer from a lot of boilerplate code by leveraging
a Meta Object Compiler (short: MOC) [87], that automatically generates the nec-
essary C++ code.
For the main view of the monitoring tool, the QGraphicScene class together with
the QGraphicsView class from the Graphics View Framework is used. It provides
a canvas for drawing and managing 2D graphical items, such as graphic primi-
tives and text. It is also responsible for event propagation, like mouse events and
managing the scene graph through the use of nested QGraphicsItems.

Java and JavaFX
JavaFX [42] is a software platform for developing desktop applications and rich
internet applications (RIAs). It has been developed by Oracle as a replacement
for and successor to Swing as Java’s standard library for graphical user interfaces.
JavaFX is based on a scene graph and goes much farther with this concept than Qt
does. Unlike Qt, in which the scene graph is only prominent within the QGraph-
icScene element, the scene graph in JavaFX is the central element of the GUI and
all elements that are displayed are a part of it. However, the drawing of the scene
graph is done in so-called retained mode. This means that instead of drawing
primitives directly, one defines the elements that should be displayed and JavaFX
handles the rendering itself. Once an element is added to the scene graph, it is
constantly drawn without any more action required. This is in stark contrast to
the way Qt handles rendering of elements.
JavaFX exists in two branches, namely version 2.x and its successor version 8.x.
JavaFX 8 incorporates many new features compared to its predecessor, such as
additional controls and themes as well as improved concurrency handling and
CSS styling support. Unfortunately, it requires a Java 8 runtime environment to
be present on the system. At the time of writing, dissemination of Java 8 is still
very low. While the features JavaFX 8 offers would have been beneficial for the
development, requiring Java 8 was considered too excessive. The developed mon-
itoring tool therefore uses JavaFX 2.

.Net
Whereas Qt and Java FX work in a cross-platform setting, .Net solely offers Mi-
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crosoft Windows as the officially supported operating system. However, cross-
platform support was an obligatory requirement that had to be fulfilled by the
monitoring software. While the Mono Project [60] might have been a suitable
alternative to enable cross-platform support, it was deemed a risk that might have
had negative effects on development. Therefore, the Mono Project was not con-
sidered and .Net was not deemed suitable for developing the visual monitoring
tool.

As .Net drops out due to its missing support for other operating systems than Microsoft
Windows, this leaves C++/Qt and Java/JavaFX on the shortlist. One of the most impor-
tant requirements was the proper drawing of and interaction with the Peer Model main
view. This involves drawing of graph structures, including 2D primitives like lines, cir-
cles, rectangles and text in order to build the Peer Model visualisation. Also, interaction
with these elements is necessary, primarily clicking of elements with the mouse and
handling the resulting mouse events.
After evaluating Qt and JavaFX by developing small test applications, both were consid-
ered to be a good fit for the development of the monitoring tool. In the end, the decision
came down to personal preference and experience. The author is more competent in
Java than in C++. While both Qt and JavaFX were unfamiliar frameworks, the author is
much more acquainted using Java than any C++ environment. For this reason, Java and
JavaFX were chosen as the software platform and the application framework.

Graph Layouting Library
Automatic layouting of the Peer Models is an important aspect of the monitoring tool.
Chapter 6 thoroughly discusses the taken approach. A number of libraries for the task
of graph layouting and rendering exist, which provide algorithms for commonly used
layouting approaches and spare the developer the necessity of implementing them him-
self/herself. After deciding on the software platform, but prior to starting the implemen-
tation, three graph libraries, namely Graphviz [30], JGraphX [31] and Jung [45], were
evaluated in order to test their suitability for the monitoring tool and whether or not they
can reduce the implementation time. Unfortunately, no feasible graph layouting library
based on JavaFX exists at the time of writing. A short introduction to the evaluated
libraries follows:

Graphviz
Graphviz [30] is open source graph visualisation software. It may be used in
conjunction with the DOT graph description language, with which graphs can be
specified in human readable text form. The DOT language specifies the structure
of a graph, but does not offer a lot of functionality about how the graph should
be visualised. Graphviz offers multiple, distinct tools that tackle the issue of
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layouting. They take DOT files and produce a graphical representation of the
graph in various format, some of which can serve as a basis for further processing.
Peer model layouting requires creating layered representations of directed graphs
and the Graphviz tool capable of this is called dot. It both supports orthogonal
routing and a feature called ports, which allows for defining specific connection
points for a graph node. However, the combination of the two features is not
supported, which is a vital requirement for layouting Peer Models. In general,
Graphviz does not offer the amount of adjustability required for the layouting
tasks at hand.

JGraphX
JGraphX [31] is a Swing-based library for graph visualisation. It is the open-
source fork of the commercial JavaScript library mxGraph [62]. JGraphX pro-
vides functionality for visualisation and interaction with node-edge graphs. It
also offers basic capabilities needed for layouting Peer Models, such as orthogo-
nal routing of edges and hierarchical node positioning. Unfortunately, when eval-
uating the features practically by layouting actual Peer Models, it did not perform
well. While the node placement was feasible, link routing was subpar. Orthog-
onal edge routing is only possible when specifying two specific endpoints. But
the Peer Model notation requires links to be able to connect to peer containers at
any location and the layouting procedure is supposed to find the best connection
locations by its own. Also, JGraphX offered very little flexibility for adjusting the
hierarchical node positioning.

Jung
Jung [45] features different methods for layouting graphs, including tree layouts,
radial layouts and balloon layouts. However, its support for hierarchical layouts
is limited. Jung appears to focus more on force-based layout algorithms and does
not support most of the features needed for properly layouting Peer Models, which
is based on hierarchical graph layouting.

While several libraries exist for general purpose graph layouting, no tested library ful-
filled the stated requirements. The challenges that layouting Peer Models poses could
not be met by either Graphviz, JGraphX or Jung. Among other features, none of the
libraries support proper orthogonal routing in combination with the manual placement
of connection points.
Some libraries are able to provide algorithms for subparts of the proposed approach
in chapter 6, like the Sugiyama layouting algorithm. But including and integrating an
external library just for small parts of the full layouting approach did not seem like a
feasible solution. Furthermore, modifications to certain base algorithms were necessary
for them to be useful. For example, in the case of the Sugiyama framework, changes to
the way it performs the edge crossing minimisation step are required (refer to 6.1 for a
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detailed discussion). The tested libraries simply do not offer this degree of flexibility.
Lastly, each library introduces its own set of dependencies that need to be managed and
considered when deploying the tool. For the stated reasons, no third-party graph layout-
ing library was used and instead, the layouting procedure was fully implemented from
scratch.

7.2 File Formats
This chapter discusses the development of the two file formats required when working
with the monitoring tool. The first format corresponds to the static structure of a Peer
Model, and is called VIL (Visualisation Intermediate Language). The second contains
the dynamic events happening within an active Peer Model. A collection of consecutive
events is called Trace and the associated file is called TIL (Trace Intermediate Lan-
guage). Splitting the information in two separate files makes sense, as there is generally
a one-to-many relationship between the VIL and the TIL. There can be many different
traces for the same Peer Model implementation and developers are encouraged to work
with multiple TIL files. As can be seen in the user interface, the monitoring tool al-
lows the separate loading of VIL and TIL. Developers can load different TIL files while
keeping the same VIL file loaded.
A separate discussion about VIL and TIL follows. Figure 7.1 gives an overview on the
roles TIL and VIL play for the monitoring tool.

VIL
The VIL contains all the necessary information to build the static representation of the
Peer Model. It corresponds very closely to the Peer Model’s own DSL. But while there
exists a parser for the Peer Model DSL [49], we decided that an intermediate format
generated from the DSL was a better fit for the monitoring tool because including the
DSL parser seemed counterproductive. Developing an intermediate format also opened
up the possibility to choose a widely spread and amply supported description language.
We agreed upon using JSON as the VIL’s format of choice. JSON is a well-known, open
standard format for which parsers exist for most languages, Java being no exception.
A data-processing tool called Jackson [40] is used for parsing all JSON data in the
monitoring tool. The translation of the DSL into the VIL is done within the Peer Model’s
toolchain [49]. Listing 7.1 shows a small exemplary VIL file and figure 7.2 shows its
corresponding representation when loaded into the monitoring software. An important
thing to note about the VIL (and also the underlying DSL) is that there is a distinction
between definition and instantiation of services, wirings and peers. Each is given a
separate section within the VIL where the definitions take place. All definitions are
given a name and can be referenced at other places in the file. For example, in listing
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1 {
2 "entryTypes":[
3 { "name":"X" },
4 { "name":"Y" }
5 ],
6 "services":[
7 { "name":"Service 1", "implementation":[],
8 "input":[
9 { "operation":"Take", "type":"X",

10 "query":"", "count":"[all]" } ],
11 "output":[
12 { "operation":"Write", "type":"Y",
13 "query":"", "count":"[all]" } ]
14 } ],
15 "wirings":[
16 {
17 "name":"W1",
18 "guards":[
19 { "from":"C1", "operation":"Take", "type":"X",
20 "query":"", "count":"[all]" } ],
21 "services":["Service 1"],
22 "actions":[
23 { "to":"C2", "type":"Y", "query":"",
24 "count":"[all]", "operation":"Write" } ]
25 } ],
26 "peers":[
27 { "name":"Small Peer", "subpeers":[ "Sub peer 1" ],
28 "wirings":[
29 { "wiring":"W1",
30 "linking":{ "C2":"Sub peer 1.PIC" } } ] },
31 { "name":"Sub peer 1", "subpeers":[],
32 "wirings":[] } ],
33 "processors":[
34 {
35 "name":"Small Processor", "peers":[ "Small Peer" ],
36 "parameters":[]
37 }
38 ]
39 }

Listing 7.1: Exemplary VIL file. Note that the file is the result of running the PM-DSL
file from listing 3.1 through the toolchain. Figure 7.2 shows the resulting Peer Model
visualisation.
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Figure 7.1: Diagram depicting the role of VIL and TIL in the overall workflow of the
Peer Model toolchain with regards to the monitoring tool.

7.1, a service named Service 1 is defined on lines 7 to 14. Later, it is referenced by
wiring W1 on line 21.
A goal of the Peer Model’s DSL is to encourage modularisation. Wiring definitions may
contain placeholders in place of actual target containers for guard- and action-links. The
instantiation of wirings happens when defining the peers. This instantiation can include
linking information which describes how the wiring’s placeholders should be replaced.
A single wiring definition can therefore be used multiple times inside multiple peers
with different configurations. This setup encourages building of reusable components.
In listing 7.1 on lines 28 to 30, the wiring W1 is instantiated within peer Small Peer,
including information on how to connect the wiring’s links. In this example, C2 is
replaced by the container reference Sub peer 1.PIC. To keep the format concise, default
values are used if a placeholder is not specified. By default, guard links are connected
to the parent peer’s PIC, while action links are connected to the POC, respectively. As
C1 is not specified, W1’s guard will be linked to Small Peer’s PIC. Referencing of peer
containers works in accordance to the notation specified in chapter 3.
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Figure 7.2: Small test processor, resulting from the VIL file in listing 7.1.

TIL
The Peer Model approach is relatively novel. While monitoring and debugging toolchains
are currently being developed, many features are still missing. Specifically, no standard-
ised format for representing the events inside a Peer Model exists. For this reason, we
developed the TIL format. In conjunction with the VIL, it contains all the information
necessary to retrace the events that happened during a timespan and enables developers
to gain insight into the workings of the observed Peer Model.
The TIL is created by tracing mechanisms that record the occurring events while the
Peer Model is running. This can either happen within a real-world Peer Model instance
or inside a simulation. It should be noted that the actual creation process of the TIL is
not part of this thesis and is therefore not discussed any further.
Initial drafts of the TIL used a tabular file format with JSON-encoded entries stored in-
side cells. Each event was stored in a row and the rows were sorted by their timestamp.
However, the underlying data was not well suited for such a format. The various events
do not share a lot of common data fields but each exhibit distinct information which
required the format to contain many contextual columns. Depending on the type of the
event, which was specified in a field at the start of the row, subsequent fields contained
different data. This was both confusing and error prone. To overcome the shortcomings,
a different file format fully based on JSON was developed and is discussed below.
All events that are recorded in a TIL contain information about the entries they work
with. Each entry is always fully specified, including all of its co-data and app-data.
While this produces significant overhead and duplicated data, it was eventually consid-
ered the best option. Before reaching this conclusion, different approaches have been
proposed, one of which was to identify each entry with a system-wide unique ID. Un-
fortunately, the Peer Model implementations generally do not keep entry-IDs that are
unique across the whole system. It was not deemed feasible to force all Peer Model
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1 {
2 "timestamp": "0.0",
3 "peers": {
4 "testProcessor:testPeer":{
5 "PIC": [
6 { "type": "Y" }]
7 "POC": [
8 { "type":"X" },
9 { "type":"Z" }]

10 }
11 }
12 }

Listing 7.2: Example of an initial state section in TIL files. The containers of peer
“testPeer“ are filled with entries of type “X“, “Y“ and “Z“.

implementations to add this feature. The approach would have required Peer Model
implementations to keep a consistent map of all present entries in order to correctly
reference them when creating events. Instead, within the monitoring software, finding
the correct entries is based on generating unique IDs from hashing each entry’s contents
and comparing IDs for equality. Refer to section 7.3 for a discussion on this topic.
Both an entry’s co-data and its app-data are stored inside a JSON key-value map, with
all keys and values encoded as strings.

Events

Several types of events can occur in a running Peer Model. An enumeration of the
possible events along with an explanation follows:

Initial State Event
In general, it is not always possible or expedient to start the tracing process with
an empty model. For this reason, the initial state event captures the condition
of the complete model at the time of startup. However, only the contents of peer
containers are stored. No wiring activations are captured, which in turn means that
no wirings must be active when starting the tracing process. This compromise is
made to reduce the complexity of obtaining the initial state while still being able
to start the trace while the system is running. The Peer Model implementation
is responsible for enforcing this constraint. Every TIL file contains exactly one
initial state event, including a timestamp and the contents of each peer container.
Listing 7.2 shows an initial state event.
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Wiring Event
The term Wiring Event is used as an umbrella term for the following events:

1. Guard links event

2. Service inputs event

3. Service output event

4. Action link event

Each wiring event contains a list of entries it acts upon. It also contains a times-
tamp that represents when the event happened. A wiring event does not hold any
information about the underlying structure of the wiring it takes place at but rather
references the corresponding wiring in the VIL file. The references are specified
using the previously established notation for wirings. Using both the VIL and the
TIL, the monitoring software is able to assign wiring events to the actual wirings
and their links and services. See section 7.3 for a detailed discussion on the topic.
While action link events and service output events only correspond to the activa-
tion of a single action link, respectively a single service output, guard link events
and service input events are more complex. By default, all guards of a wiring
activate at the same time. Correspondingly, all service inputs of a service activate
simultaneously. This requires a single event that contains all the affected entries.
To correlate the entries with the correct guard link (or service input) that pro-
cessed them, the event is designed to support this. Additionally, the introduction
of explicit commits in the guard section also requires this structured approach.
Listing 7.3 shows a typical guard link event within which three guards activate,
the first one of which is a none-check guard. Service input events are structured
in the same fashion.
Action events and service output events are comparatively simple. Listing 7.4
shows an exemplary action link event. Service output events are structured anal-
ogously.

DEST-Send and -Receive
It is possible for entries to be sent to a different peer container without a wiring
by means of the DEST property. A service can set an entry’s DEST property
to any peer container’s location. If the entry is then put into a container, the
corresponding peer tries to resolve the location and send the entry to the associated
target container. This marks the first of two events, namely the DEST-Send event.
Such an event consists of the affected entry, the peer container it is sent from and
a timestamp. When the entry arrives at the target peer container, another event is
created: the DEST-Receive event, which is structured equally to the DEST-Send
event, but stores the destination container instead of the source. Listing 7.5 shows
an example DEST-receive event.
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1 {
2 "type": "guardLinks", "timestamp": "2.5",
3 "wiring":"testProcessor:testWiring",
4 "guards": [{
5 "index":"1",
6 "entries": []
7 }, {
8 "index":"2",
9 "entries": [{ "type":"X" }]

10 }, {
11 "index":"3",
12 "entries": [{ "type":"Y" },
13 { "type":"Y" }]
14 }]
15 }

Listing 7.3: Event notation for guard link activations in TIL files. The first three guards
of the wiring “testWiring“ activate simultaneously. The indices denote which entries
belong to which guard. Note that the first guard is a none-check guard and the entries
array is therefore empty.

1 {
2 "type": "actionLink", "timestamp": "3.8",
3 "wiring":"testProcessor:testWiring",
4 "index":"2", "entries": [{ "type":"Z" }]
5 }

Listing 7.4: Action link activation event as it is listed in TIL files. Note its relative
simplicity compared to guard links events.
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1 {
2 "type": "destMoveReceive", "timestamp": "6.0",
3 "destination": "testProcessor2:testPeer.PIC",
4 "entry": {
5 "type":"event",
6 "coData": {
7 "DEST":"testProcessor2:testPeer.PIC"
8 }
9 }

10 }

Listing 7.5: Example DEST-receive event. Note that the entry co-data still includes the
DEST-property itself. This is necessary to correlate the event to an earlier DEST-send
event with an analogously structured entry.

TTL/TTS events of entries
Entries can have TTL (Time To Live) and TTS (Time To Start) properties attached
to them. In both cases, a timestamp is stored. An entry with a TTS property is
not considered by wirings until the timestamp is reached, whereas an entry with
a TTL is removed once the timestamp is reached. As these properties are also
stored within the entry, it would be possible to calculate the corresponding events
implicitly and omit explicit event types. But this could lead to discrepancies be-
tween the retraced procedure and the actual execution due to timing issues and
race conditions that are present in distributed systems. For this reason, TTL and
TTS events for entries are explicitly recorded and stored. Such an event contains
the affected entry and a timestamp. Listing 7.6 shows an example TTL event.
TTS events are structured analogously.

7.3 Software Architecture

The Model-View-Controller (short: MVC) [73] pattern served as the basis for the mon-
itoring tool’s architecture. Extensibility and flexibility were two key goals in terms of
code structure and MVC supports a sensible separation of responsibilities. Figure 7.3
gives an overview on the various parts of the software from an architectural perspec-
tive and in which part of the MVC structure they fit in. In the following sections, the
important parts are discussed in detail.
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1 {
2 "type": "entryTTL", "timestamp": "17.03",
3 "peer":"testProcessor:testPeer.POC",
4 "entry": { "type":"X",
5 "coData": { "TTL":"17.0" }
6 }
7 }

Listing 7.6: An exemplary entry TTL event specified in a TIL file. It is important that
the event still lists the affected entry with the TTL property set. Otherwise, the hashing
process would yield a different ID and the corresponding entry in the peer could not be
found by the retracer. Also note the difference between the TTL property and the actual
event time.

Static And Dynamic Model
For the monitoring tool, it is necessary to have an internal model of the static structure
that constitutes the underlying Peer Model. Elements, such as processors, peers and
wirings need to be represented within the software. The class structure pertaining to
this model resembles that of the relationships in the actual Peer Model. It is also closely
related to the structure of the VIL file, which is no surprise, as the internal static model
is fully built from this file. Figure 7.4 shows the class structure of the static model in
UML notation.
Additionally, the dynamic events stemming from a TIL file also need to be represented
in-memory as class structures. This includes elements such as entries, wiring activations
and their events as well as other event types. Most dynamic elements maintain refer-
ences to elements of the static model. For example, a GuardLinkEvent object stores a
reference to the GuardLink object corresponding to the guard link it takes place at. Fig-
ure 7.5 gives an overview on the class structure of the dynamic model in UML notation.

Intermediate Data Format

The JSON-library Jackson is capable of mapping a file to an object tree consisting of
POJO-classes and collections. However, both the VIL and the TIL contain internal ref-
erences, encoded as strings. An example of such cases is the definition of sub peers
and wirings within a parent peer in the VIL files. Jackson can not automatically convert
these string-based references into in-memory Java references. Thus, an intermediate
object tree is developed. The tree is a one-to-one in-memory representation of the input
file, where string references are not yet resolved. This approach is used for both VIL
and TIL files. The intermediate format is then transformed into the final, separate data
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Figure 7.3: Overview diagram showing the general software architecture of the moni-
toring software. The application is based on the MVC architectural design pattern.

structure by resolving the string references into java object references, resulting in the
static and dynamic model discussed in the previous sections. Listing 7.7 exemplarily
shows a condensed version of the ProcessorDefinition class, which is part of the inter-
mediate data format. Listing 7.8 shows the associated final class for a processor. Note
the difference in the peer lists between the two formats.

Layouting
Extensibility of the software was a an important goal. The layouting process is designed
to be almost completely independent from the view tier and therefore, JavaFX. The only
exception is the size of certain elements within the view. For example, the width of a
peer’s label can influence the peer’s size. Apart from that, the layout can be produced
without depending on the used view technology. This helps fulfilling the design princi-
ple Separation Of Concerns (SoC) [38]. Should the need for a different GUI technology
arise, swapping out JavaFX becomes a lot easier. Furthermore, the layouting data can
potentially be exported and used for other purposes as well, such as external visualisa-
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Figure 7.5: Diagram of the dynamic class structure in UML notation. References to the
static part of the model are omitted for clarity.

tions.
Data structures to hold the layouting information are needed. They are generated by
the layouter, which is discussed in chapter 6. The layouting data is passed to the view
generator which is responsible for assembling the scene graph. For a discussion on the
view generator, refer to section 7.3.
The layout data itself is an object tree, with a list of ProcessorLayout objects at its root
(shown in listing 7.9). The layout tree closely correlates with the structure of the Peer
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p u b l i c c l a s s P r o c e s s o r D e f i n i t i o n {
p r i v a t e f i n a l S t r i n g name ;

p r i v a t e f i n a l L i s t < S t r i n g > p e e r s =
new A r r a y L i s t < S t r i n g > ( ) ;

/ / r e s t o f c l a s s removed f o r b r e v i t y
}
Listing 7.7: Class file for the intermediate data format of processors. The peers list
stores string references to peer definitions.

p u b l i c c l a s s P r o c e s s o r {
p r i v a t e f i n a l S t r i n g name ;

p r i v a t e f i n a l L i s t <Peer > p e e r s =
new A r r a y L i s t <Peer > ( ) ;

/ / r e s t o f c l a s s removed f o r b r e v i t y
}
Listing 7.8: Class file for the final data format of processors. Compare the peers mem-
bers in this listing and in listing 7.7.

p u b l i c c l a s s P r o c e s s o r L a y o u t {
p r i v a t e f i n a l L i s t < PeerLayout > p e e r s =

new A r r a y L i s t < PeerLayout > ( ) ;

p r i v a t e i n t x ;
p r i v a t e i n t y ;
p r i v a t e i n t wid th ;
p r i v a t e i n t h e i g h t ;

p r i v a t e f i n a l P r o c e s s o r p r o c e s s o r ;

/ / r e s t o f c l a s s removed f o r b r e v i t y
}
Listing 7.9: ProcessorLayout class as used within the monitoring tool. The members x,
y, width and height are specified in grid coordinates and are therefore integer based.
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Model itself. Every visible element has a layout object, which references its correspond-
ing model object, which in turn represents a part of the actual Peer Model. Figure 7.6
shows a UML class diagram of the layout classes. The Peer-, Wiring- and Processor-

ElementLayout

PeerLayout*1 WiringLayoutProcessorLayout

* 1

*1

LinkLayout

GuardLinkLayout ActionLinkLayout

*

1

*

1

Figure 7.6: UML class diagram depicting the classes used to store the layouting in-
formation for the various elements. Note that the service links do not have their own
layout classes, but are part of the wiring layout. This is mainly because they are not
fully routed like action and guard links are and therefore do not require control points.
Note that references to the model classes are omitted for clarity.

Layout classes contain a position and a size, both specified in grid coordinates. In
general, most spatial information of the layout classes is specified in that coordinate
system. The LinkLayout class specifies a list of control points used for determining the
link’s arc.
A data structure called Layout Configuration is used for specifying parts of the infor-
mation needed for layouting. Specifically, this incorporates whether a peer should be
shown expanded or collapsed and whether or not the services of wirings should be vi-
sualised in the compact form. When a model is loaded, the layout configuration is set
to its default values: top-level peers are expanded, lower level peers are collapsed and
all services are displayed in their full form. The data in the layout configuration may
be modified by the user through the user interface, which requires a relayouting to take
place (refer to section 6.6 for a detailed discussion).
The View Context stores whether the main view should display the static or the dynamic
representation of the Peer Model. This setting may also be changed through a button in
the user interface. In the dynamic representation, the timeline is shown at the bottom
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while in the static representation, the main view takes the full window’s height. In the
dynamic case, the view context also stores which moment is currently visualised.

View Generator
The View Generator is responsible for creating the main view that the user is eventually
presented. It uses the layouting data to determine the position and size of elements, such
as peers and wirings as well as the route of links according to their control points. As
the layouter is retrieving actual GUI element sizes from the view, it is able to generate
the final layout with no modification necessary later on. Therefore, the view generator
can fully trust the layouting data and use it without adjustment.
Additionally, it relies on the view context, which governs whether the static or the dy-
namic representation is supposed to be displayed. Depending on this setting, the view
generator either creates dynamic elements or their static counterparts. If the dynamic
representation is active, the dynamic model is taken into account as well and the ele-
ments are visualised in accordance to this data.
Figure 7.7 shows most of the used base view classes and their subclasses for both rep-
resentation. The view generator and the view classes are the first part in the MVC chain
that is heavily intertwined with JavaFX. The view classes derive from JavaFX base
classes representing elements in the scene graph. In case of a relayouting or a change in
the view context, the view has to be partially or fully recreated. However, full rebuilds
are often suboptimal and waste unnecessary amounts of computation time. The imple-
mentation is therefore optimised to recreate as little as possible. For example, if the
user moves an element in the main view, such as a peer or a wiring, the corresponding
view class is updated, as well as the layout class. Furthermore, in accordance to section
6.6, the links in the affected peer are rerouted. This in turn triggers a recreation of the
view classes for the links. All other view elements are left intact and do not need to be
recreated.

Retracer
While the TIL in conjunction with the VIL contains all the events that occurred in the
Peer Model, it does not explicitly include the model’s full state at each point in time.
More specifically, the information about which peer contains which entries at what time
needs to be inferred from the available data. Also, the contents of all wirings’ ECs need
to be computed for all moments during which the associated activations are occurring.
The Retracer is responsible for reenacting the events from the trace, starting with the
initial state.
A dedicated data structure is implemented that holds the complete state of the initial
Peer Model. All events are ordered by their timestamp and executed one after the other
according to this order. Each event performs its actions on the data structure, modifying
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Figure 7.7: UML class diagram presenting an overview of the classes used in the
view. The class structure in the base (blue background) corresponds closely to the lay-
out classes (see figure 7.6 for a comparison). Additionally, the view includes separate
classes for the service and its input and output links. Deriving from the base classes
are the corresponding classes for the dynamic and the static representation, respectively
(orange background). Dependencies on JavaFX base classes are omitted for brevity.

it according to its event type. For example, for a Guard Link Activation, the associated
guard link’s operation type is checked. If it is a Take operation, the affected entries are
removed from the guard link’s target container. A Read operation does not modify the
target container’s contents. Conversely, to perform an Action Link Activation, the af-
fected entries are added to the associated action link’s target container. For each wiring
activation, a dedicated EC data structure is maintained and updated according to the
events.
The entry IDs are used to identify the correct entries to process, ensuring parity with the
actual events. The TIL does not contain any explicit information about the structure of
the wiring itself, but only holds a fully-qualified reference to the wiring in the VIL for
each wiring activation. Through this reference, the details of the wiring link can be ob-
tained and matched to the events in the TIL. By performing all the events in succession,
the real Peer Model processes are reenacted on the intermediate data structure. Com-
bining the information from VIL, TIL and the retracer, a full picture of the Peer Model’s
state at each point in time is generated. For the retracing to work, it is of utmost im-
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portance that the timestamp data is reliable and that the order of events is preserved.
Interchanged events can lead to a number of issues. In the best case, events that do not
depend on each other are swapped. While this produces an incorrect visualisation of the
Peer Model in action, it is not catastrophic. In the worst case however, the retracer is
unable to complete its task. For example, if a guard link activation tries to take an entry
before the action link activation that puts this entry there is executed, the retracer can
not find the entry. In this case, the retracing process is stopped and the user is presented
with an error message indicating the reason.
As the format specified for TIL files always contains the complete entry, it is necessary
to compare entries on this level. The retracer needs to unambiguously decide which en-
try it is supposed to treat and thus, an equality check between entry objects is mandatory.
Two entries that store exactly the same set of data are considered equal. This includes
the entries’ type as well as their co-data and app-data. Comparing the full data set of two
entries for equality is inefficient and error-prone though. Instead, a hash code is gener-
ated and stored alongside the entry itself. As the entry class is immutable, the hashing
process only needs to be performed once at creation time. Subsequently, entries with
differing hash values do not need to be compared further and can safely be regarded as
unequal. However, as the implemented hashing is no perfect hash function, two entries
may have the same hash value even if they are not actually equal. Although this happens
very rarely, identical hash values can not serve as a guarantee for equality of the entries.
Thus, a full comparison of the entries’ data is performed after encountering equal hash
values. Only if this check succeeds as well, the entries are considered equal.

Controller
The controller part of the software is heavily coupled to JavaFX. An important feature
of JavaFX-based user interfaces are Properties and Bindings. Properties are generally
used instead of simple member variables. Unlike simple Java types, properties allow
the attachment of listeners and work in conjunction with bindings. Bindings are used
to connect different properties together, either unidirectionally or bidirectionally. If one
property changes, the other is automatically updated as well. Bindings may specify ar-
bitrarily complex interactions between properties.
The Peer Model monitoring tool makes heavy use of properties and bindings. For exam-
ple, a property called zoomfactor is specified and bound to the timeline’s zoom slider.
Additionally, the positions of the event representations in the timeline are in turn bound
to the zoomfactor property. After the bindings are set up, the slider may be used to
change the timeline representation by changing the horizontal scale, effectively zoom-
ing in and out. The positions of the events are automatically recalculated whenever the
slider value is changed.
However, not all user interaction could be implemented using default widgets, such as
buttons and sliders. Fortunately, JavaFX offers full interaction support for all objects
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in the scene graph. Mouse and keyboard event listeners can be bound to any element.
For example, the view objects of sub peers and wirings are enhanced with mouse drag
listeners. Inside a specified callback function that is called whenever the element is
dragged, the affected links are rerouted and the corresponding layout data is updated.

7.4 User Interaction
Interaction techniques played an important role in the development of the Peer Model
monitoring software. This section discusses what methods of interaction the user is
given in order to work with the tool and interactively explore Peer Models and their
processes.
The screen is divided into three distinct areas: the Main View, the Sidebar and the
Timeline. Figure 7.8 shows an example screenshot where the three areas are highlighted.
Each area is discussed from a user interface standpoint in the following sections.

Sidebar

Main View

Timeline

Figure 7.8: Screenshot of the Peer Model monitoring tool in action. The three areas
(Main View, Timeline and Sidebar) are highlighted.

Main View
It contains a detailed and customisable representation of the monitored Peer Model.
The area that the loaded Peer Model takes up can be arbitrarily large in both vertical and
horizontal dimension, depending on its complexity. Thus, the main view is designed like
a big canvas. It is pannable by mouse to enable both horizontal and vertical scrolling.
The user may use the scrollbars, the mouse scroll wheel or by dragging the mouse while
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the right mouse button is pressed.
The main view visualises both the static model and the dynamic events in the Peer
Model. Depending on the user’s selection, it presents the static structure or overlays it
with dynamic events from the TIL file. The two view modes are aptly called Static View
and Dynamic View.
Initially, after loading a static model through a VIL file, the Peer Model is layouted and
the static view is presented to the user in the main view. For a detailed discussion on
the layouting process itself, refer to chapter 6. If no trace data is loaded, the dynamic
view is not available. By default, all peers that reside directly within a processor are
displayed expanded. Sub peers are visualised in a collapsed fashion. This ties in well
with the Information Visualisation Mantra. After loading, the user is given an overview
on the Peer Model, and has the option to expand sub peers at his/her own discretion to
explore the model more thoroughly.
After the initial layouting, the user can move around most elements separately at his/her
own wish. This includes movement of processors, sub peers and wirings. Repositioning
of root peers within processors is not allowed, to keep processors as small as possible.
Intuitively, the user can move around elements by clicking and dragging them with
the mouse. Necessary layout adjustments, such as rerouting of links are performed
automatically afterwards (refer to section 6.6).
When right-clicking on a peer’s title bar, an options menu opens from where the user
can change settings regarding layouting choices, such as showing/hiding its wirings,
expanding/collapsing the peer itself or requesting a full relayout of the peer. In the
dynamic view, the user may click on any entry or entry group to open a contextual
menu, revealing all details about the entry/entries. Refer to section 5.2 for a detailed
discussion on what this feature offers.

Timeline
When the dynamic view is shown, the timeline is visible and gives a temporal overview
of the loaded trace file, as previously discussed in section 5.2. Just as the main view,
the timeline might grow to any size and is therefore placed inside a scroll pane which
allows for horizontal and vertical movement. In addition to using the scrollbars at the
sides, the user may use Mouse Scroll to scroll vertically and Shift + Mouse Scroll to
scroll horizontally.
An important characteristic is the fact that the processor labels need to be visible at
any time, even when scrolling. Otherwise, the user would easily become lost as he/she
would not know which events belong to which processor anymore after scrolling to the
right. The same issue arises with the ruler at the top of the timeline. If it would scroll
with the rest of the view, it would be disappear as soon as the user scrolled down. To
overcome this problem, the processor labels only participate in the vertical scrolling and
the ruler only participates in the horizontal scrolling of the timeline. Thus, both the la-
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bels and the ruler stay visible and yet are correctly positioned to correspond to the event
areas.
To select a specific event, the user simply clicks on the respective event visualisation in
the timeline. The indicator is moved to this position and the main view displays the mo-
ment in detail. By performing a double click on an event, the main view is additionally
panned to focus on the event. For example, when double clicking on a wiring activation
event in the timeline, the main view’s viewport moves to centre on the wiring where
the activation occurred. As an alternative approach, the developer may step through the
trace one event after the other by clicking on one of the two buttons in the sidebar (dis-
cussed shortly) or by using the keyboard shortcut Alt + Left or Alt + Right, respectively.
To increase or decrease the zoom factor, the slider at the top left may be used. It of-
fers continuous zooming and the changes are performed interactively while moving the
slider.

Sidebar
The sidebar is located at the left edge of the window and provides general settings, such
as loading VIL and TIL files, switching between the static and the dynamic view and
resetting the complete layout in the main view. The user may load different VIL files at
any time, whereas loading TILs is only possible with a VIL in place. Importing a new
VIL discards any previously loaded TIL. When trying to import a TIL file that does not
correspond to the VIL, the user is presented with an error message. This is also the case
if a file could not be loaded because it is malformed. The correspondence between VIL
and TIL is done by creating a hash of the VIL file and storing this hash in the TIL file.
A button allows the user to take a screenshot of the full main view in its current state and
export it as an image file. The image’s filename can be specified in a separate dialog.
This feature permits quick sharing of Peer Model visualisations.
For developing the sidebar, the default widgets of JavaFX are leveraged, such as buttons,
labels and file choosers. Additionally, the sidebar contains the key table that correlates
the occurring entry types to colours (discussed in section 5.2). At the bottom, to the left
of the timeline, the two buttons for stepping through the trace are located. They become
disabled in the static view or if there is no TIL file loaded.

7.5 Deployment
One of the main goals of the monitoring tool was broad availability. Developers should
be able to use it in their preferred development environment. Ideally, it should neither
require an installation nor have additional dependencies. Even a suitable tool might not
be employed if it is tedious to get going.
In order to keep the friction of setting up low, executable packages for Windows, Mac
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and Linux are created. The monitoring tool can be started directly from the package,
no installation procedure is required. The only requirement for running the monitoring
tool is a Java Runtime Environment (JDK) Version 7+. The package contains a runnable
JAR file and an accompanying script. The script is either a batch file (Windows, .bat) or
a shell script (Mac and Linux, .sh) and simply runs the JAR file.
Developers intent on using the monitoring tool simply download the package for their
platform, unpack it and run the script to start. The frictionless setup facilitates the inte-
gration of the monitoring tool into a developer’s workflow and encourages its use.
Alternatively, the source itself is packaged and distributed as well. Developers favoring
building their application from source may do so with this package. The source code is
fully compatible with Eclipse and can easily be imported, as it was the main environ-
ment during development. Alternatively, a Maven script is provided and may be used
for compiling and running the application from the command line.
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CHAPTER 8
Evaluation

After developing the monitoring tool, an evaluation was conducted. First, the tool is
evaluated based on the requirements established in chapter 4. Afterwards, the devel-
oped monitoring tool is evaluated based on a comparison with similar tools for other
coordination model approaches. Lastly, various development decisions and their impli-
cations are discussed and critically reviewed.

8.1 Evaluation of Requirements
In the following section, each of the requirements established in chapter 4 is evaluated
separately to see if the developed monitoring tool fulfils it. Afterwards, a table sum-
marising the results is presented.

Better Debugging Capabilities
Generally speaking, the developed monitoring tool is definitely an asset when it
comes to debugging of Peer Models. It helps developers by providing insight
into how the Peer Model in question behaves, enabling them to find bugs and act
accordingly. The monitoring tool breaks open the requirement of doing Black
Box Debugging and allows developers to figure out the inner workings of a Peer
Model.

Overview
The request for an overview can actually be interpreted in two ways. The first is
a structural one: developers want an overview on the general structure of the Peer
Model they are working with. While the main view’s primary role is to provide a
very detailed view, by hiding sub peers and compacting services, it can provide a
high-level picture of the model in question. The other way to look at the request
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for an overview is a temporal one: the timeline can provide a general picture of
the events happening as recorded by the trace. It supplies the developer with an
overview on the proceedings along the time dimension. Hence, the developed
monitoring tool fulfils the requirement.

Detailed Wirings
The monitoring tool is capable of displaying wirings in great detail. That is the
case for both its static structure, including guards, services and actions, and the
wiring activations and events pertaining to it.

Interaction of Subsystems
The monitoring tool is capable of visualising Peer Models in their entirety. As
such, it can display the subsystems side-by-side and visualise their interaction di-
rectly. For example, processors are shown next to each other, and their interaction
can be observed by navigating through the trace or by examining the timeline.

Detection of Nonsensical Structures
As a Peer Model evolves, previously needed structures might become obsolete,
such as certain wirings or complete entry types. While this generally does not
impede the model’s functionality, finding and eliminating such structures is ben-
eficial, as it keeps the model concise and easier to maintain. The monitoring tool
does not offer any specific features for finding obsolete structures. However, by
visualising the system in various degrees of detail, it supports the developer in
this task.

Race Conditions
Race conditions present a problem that is hard to overcome. They are difficult to
properly detect and visualise. The developed Peer Model visualisation tool does
not offer any specific features for dealing with race conditions as that would have
gone beyond the scope of this Master’s thesis. However, the ability to comprehen-
sibly visualise traces can still help developers figure out what is happening and
aid them in detecting race conditions.

Detection of Left-behind Entries
Developers can explore the trace and jump to arbitrary moments in time. By doing
so, he/she can easily spot left-behind entries that are not removed automatically
and remain in their container indefinitely. While the monitoring tool does not
offer any automatic detection capabilities for these use cases, it makes recognising
them relatively easy for the developer.

Control Over the Time Dimension
Using the timeline, the developer has full control over what moment should be
visualised. The tool offers the possibility to step through the trace forward and
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backward, or jump to specific points in time by clicking on the events in the
timeline.

Conservative Use of Animation
The interviewed Peer Model developers expressed a dislike for animations that
interfere with an efficient workflow. There were definitely possibilities for em-
ploying animations, especially regarding the dynamic movements of entries. But
to accomplish this requirement, the developed monitoring tool does not contain
any animations. Instead, it visualises the events in the form of static snapshots
that the developer can actively navigate through.

Retention of the Established Visual Notation
The team of eva Kühn had already developed a visual notation for the static Peer
Model structure. The interviews showed that this notation should be left intact as
much as possible. The monitoring tool tries to follow that advice by superimpos-
ing the dynamic events onto the static structure. The established visual notation
stays present in all situations and provides the necessary context.

Cross Platform Support
The monitoring tool is developed in Java and JavaFX, which inherently enables
deployment onto all major platforms.

Stand Alone
The developed tool has no dependencies other than a working Java Runtime Envi-
ronment version (JRE) 7 and up. While this does not represent a lot of overhead,
as many developers already have that dependency installed beforehand, it still
adds setup effort for some developers. For that reason, the requirement is con-
sidered not fully met. Alternatively, Java FX provides a tool for packaging fully
self-contained applications. This would remove the dependency on an external
JRE, as the application would include its own. Unfortunately, this also drastically
increases the final application’s size and therefore, the deployment option is not
utilised.

With some minor exceptions, all posed requirements were satisfied. Table 8.1 sum-
marises how the developed monitoring tool performs regarding the fulfilment of the
requirements. The software helps developers in many of their regular tasks regarding
debugging and monitoring. However, race conditions still present an issue and no spe-
cific tools exist to help Peer Model developers in this task. While the monitoring tool
can help with race conditions by visualising the events, the developer still has to detect
them himself/herself. No feature for automatic detection exists. Although not as severe
of an issue, the detection of nonsensical structures is also left to the developer. Both of
these features are considered out of scope of the current monitoring tool and are con-
sidered potential future works. The dependency on a JRE presents a small drawback in
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reaching the goal of a fully stand-alone tool. However, it is a balanced compromise in
order to allow easier cross platform development and deployment. Choosing C++/Qt
would not have imposed such a requirement on the user. But it would have raised the
complexity for deployment, as dedicated builds for each platform, alongside platform
specific testing, would have been necessary.

Requirement Performance
Better Debugging Capabilities 3

Overview 3

Detailed Wirings 3

Interaction of Subsystems 3

Detection of Nonsensical Structures 3−

Race Conditions 3−

Detection of Left-behind Entries 3

Control Over the Time Dimension 3

Conservative Use of Animation 3

Retention of the Established Visual Notation 3

Cross Platform Support 3

Stand Alone 3−

Table 8.1: Overview on the requirements and how well the developed monitoring tool
fulfils them. 3 represents full compliance, 3− compliance with some reservations.

8.2 Evaluation by Comparison with Other Tools
In the following section, the developed monitoring tool for the Peer Model is compared
to similar tools from other coordination model approaches. In order to compare the tools
in a meaningful way, criteria pertaining to specific features are established. Each defines
a central question that the tool must answer positively in order to fulfil the criteria.
Afterwards, the tools are introduced and evaluated. Lastly, a summary on the results is
presented.

Criteria
Graphical Notation - Static

A graphical notation describing the static structure of the underlying system is an
important feature for the evaluated tools. Visual representations aid developers
in their understanding of the system and do a significantly better job than textual
representations. Visual notations based on graphs and flowcharts are a perfect fit
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for describing the interaction between components, which is a central property of
coordination models. The main question for deciding whether the tool meets this
criteria is: “does the tool establish a graphical notation for describing the static
structure of the system?“

Graphical Notation - Dynamic
Related to the previous one, this criteria addresses the existence of a visual no-
tation for the dynamic events. The Peer Model does this by superimposing the
dynamic event visualisations onto the static structure, but other approaches are
equally valid. The important aspect is whether the tool offers a visual representa-
tion of the running system and hence, the question is: “does the tool establish a
graphical notation for the dynamic events happening within the system?“

Time Control
During simulation or exploration of a trace, complete control over the time di-
mension is crucial for the user. The ability to stop time, forward and rewind as
well as jumping to other moments in the execution chain are required interaction
techniques the tool has to offer in order to fulfil this criteria. The central ques-
tion is: “does the tool give the user complete control over the time dimension to
explore a given set of events?“

Temporal Overview
While a detailed visualisation of a system’s state at a certain moment in time is
essential, sometimes users prefer a more outlined presentation of the unfolding
events. In this case, an overview that compresses the time dimension and visu-
alises a set of consecutive events is needed. Tools looking to fulfil this criteria
need to answer the following question positively: “does the tool offer a repre-
sentation of the events in a more compressed form that allows for a temporal
overview?“

Tracing Format
The presence of a trace format enables post-mortem debugging of running sys-
tems. Traces can be passed around and shared between developers, used to de-
scribe bugs and act as documentation. Even when simulation tools for a coordi-
nation model approach exist, having a dedicated trace is beneficial. The central
questions for this criteria are: “does the coordination model approach offer a stan-
dardised format for logging and storing event data?“ and “can the evaluated tool
load and visualise these traces?“

Automatic layouting
All evaluated approaches feature a static visual notation that resembles graph
structures or flowcharts. Generally speaking, all share the notion of elements that
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represent some form of system component and links that connect them. While
their semantics are entirely different for each approach, the overall presentation
of models is similar. To relieve users from having to manually arrange elements or
route links, automatic layouting capabilities can be employed. Thus, the central
question is: “does the tool offer automatic layouting capabilities for positioning
elements and routing links?“

Layout Customisation
The counterpart to automatic layouting is the manual (re-)arrangement of ele-
ments by the user. While having the option to delegate the layouting task to the
tool is beneficial, sometimes the user wants to change the precalculated layout.
A reason for this can be a semantic affiliation of nodes that should be grouped
together, which the automatic layout algorithms can not apprehend. For a tool to
fulfil this criteria, it has to answer the following question: “Does the tool let the
user manually place and reposition elements?“

Information Hiding
Selective information hiding is an important technique for simplifying complex
coherences. It serves to fulfil the Information Seeking Manta by enabling users
to focus on currently important parts while hiding unneeded complexity. The tool
is evaluated whether it can simplify the visualised system by selectively hiding
components, either interactively or in an automated fashion. Especially when
dealing with larger systems, being able to filter unrelated components is crucial
for an efficient workflow. This criteria is met when the tool in question is capable
of hiding complexity from the user in order to facilitate the understanding. The
question is thus: “does the tool offer functionality to hide currently unimportant
parts of the visualisation?“

Tools

Not all discussed coordination model approaches provide tools that serve the same role
as the monitoring tool for the Peer Model approach. However, tools for simulation or
modelling share important aspects with monitoring, such as providing a visual repre-
sentation of the underlying model and the exploration of event chains. For some ap-
proaches, such as BPMN, a multitude of tools exist for various purposes. To keep the
evaluation to a manageable scope, one tool for each approach is chosen, based on its
dissemination and its similarity in functionality to the tool developed in this Master’s
thesis. In the following section, the evaluated tools are described in terms of their focus
and role within their respective coordination model environment. Afterwards, each tool
is evaluated based on the previously established criteria.
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Peer Model Monitoring Tool
The Peer Model monitoring tool fulfils all stated requirements. The visual no-
tation for the static structure of a Peer Model has been established prior to this
Master’s thesis and its dynamic counterpart was introduced in chapter 5. The
timeline serves both as the temporal overview and as the interface for controlling
the execution of the trace. A file format for Peer Model traces was developed in
chapter 7 and can be imported by the tool. The visualised model is automatically
layouted upon loading and can be modified afterwards by dragging and moving
wirings and peers. Lastly, the developed tool supports collapsing of sub peers to
hide their inner workings and a compact representation for services to save screen
space.

Reo - Extensible Coordination Tools
The Extensible Coordination Tools (short: ECT) are developed as a set of Eclipse
plugins to aid developers when working with Reo [24]. The tools offer graphi-
cal editing of connectors, code generation, simulation and animation of systems,
among other features. Figure 8.1 shows a screenshot of ECT when modelling a
synchronous communication channel that can be opened and closed.
ECT can animate models by generating flash videos of the proceedings. These

Figure 8.1: A screenshot of ECT. The center view show a model of a synchronous
communication connector. The palette on the right is used for selecting components to
add to the model. Image taken from [5].

videos superimpose dynamic information onto the static model. Colour is used
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to differentiate between active an inactive components. Data moving across con-
nectors is animated by small, coloured circles. While the animated views are
informative, the user does not have proper control over the animation. ECT pro-
vides no functionality for interacting with the animations other than starting and
stopping them. Users can not rewind or jump to certain events in the animation.
Furthermore, ECT does not provide an overview on the occurring events. The
model’s proceedings need to be observed through the animation.
While ECT offers modelling capabilities using intuitive drag and drop mechan-
ics, the users are tasked with layouting the placed components themselves. No
functionality for automatic layouting exists. However, ECT is capable of selec-
tively hiding the inner workings of complex connectors and therefore meets the
Information Hiding criteria.

Petri Nets - CPN Tools
CPN Tools is a tool for editing, simulating and analysing coloured petri nets. It
allows developers to design coloured petri nets and features syntax checking and
code generation. A simulator can be used to generate scenarios and see them
unfold live. Similar to the approach chosen for the Peer Model monitoring tool,
CPN Tools superimpose dynamic event data onto the static structure. The user
may control the simulation similar to how video and music players are controlled.
However, no temporal overview on the occurring events is provided and no way
to jump to specific moments in time exists. If the user accidentally moved too far
forward, the only way to go back is to rewind the simulation to the initial state and
start over. Figure 8.2 shows a screenshot of the CPN Tools simulator in action.
Users can freely position and rearrange places, transitions and connections. Hor-

izontal and vertical Gridlines may be placed to help with aligning elements. How-
ever, no functionality for automatic layouting of elements or routing of links ex-
ists.
The CPN Tools offers capabilities for showing and hiding parts of the model.
The user can specify which parts to visualise and arrange them using pages and
binders. The tool is capable of generating files containing the events of a simu-
lation, called simulation reports. However, while generating and exporting these
event traces is possible, importing them again is not. User obtaining simulation
reports can only explore them manually and can not visualise them again using
the CPN tools.

UPPAAL
UPPAAL includes its own tool environment for modeling, validation and verifi-
cation. Command line tools as well as a graphical software interface exist. UP-
PAAL is split into three main parts: a description language, a simulator and a
model-checker. Using the description language, developers specify the structure
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Figure 8.2: Screenshot of the CPN tools simulator. The main window shows only a part
of the complete model (the sender). The dynamic state and events (indicated in green)
are visualised on top of the static CPN structure. Note how the simulation controls
resemble video or audio player controls. Image taken from [71].

of the model and describe its behaviour. As an alternative to describing the system
using the textual format, UPPAAL also provides a graphical modeller.
The model-checker is capable of answering questions concerning reachability and
invariance. By exploring all possible states given an initial configuration, the user
may check for certain properties of the system. While the model-checker explores
the complete set of possible sequences, the simulator allows the interactive and
graphical visualisation of a single sequence of states. Figure 8.3 shows a screen-
shot of the UPPAAL simulator in action.
UPPAAL fulfils most of the specified criteria. It supports a static and a dynamic

notation and offers controls over the time dimension. A temporal overview is
provided in form of a separate view and an explicit tracing format called XTR is
defined. However, it requires users to manually place nodes and does not offer
automatic layouting capabilities. Furthermore, its flexibility in terms of visual
encapsulation and hiding of unimportant parts of the model is limited. While it
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Figure 8.3: The visual simulator of UPPAAL. The main view on the right shows the
model in detail, while the bottom view visualises a series of events, similar to an UML
sequence diagram. The controls on the bottom left are used to navigate the trace. Image
taken from [7].

supports scrolling and zooming in the main view, the general representations can
not be collapsed or otherwise condensed.

WS-BPEL - EA4B
EA4B is very similar in its design and architecture to the Peer Model monitor-
ing tool developed in this Master’s thesis. Gravel, Xiang and Jianwen developed
EA4B for post-mortem debugging of BPEL-based systems [32]. They define a
logging format used to record the events occurring inside a BPEL-based system.
These logs can be read by EA4B and visualised in conjunction with the corre-
sponding BPEL structure definition. Figure 8.4 shows a screenshot of EA4B.
Compared to the Peer Model monitoring tool, EA4B lacks a proper temporal
overview. Users are required to step through the trace step-by-step to gain in-
sight into the proceedings. Additionally, the tool does not provide users with
complete control over the time dimension. The visual trace execution may only
be explored in a linear fashion. Reversing the trace to a previous moment or ran-
domly jumping to other events is not possible. The nodes in the main view of
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EA4B are automatically layouted, but can not be repositioned or modified to hide
unimportant details.

Figure 8.4: Screenshot of EA4B, used to visualise execution traces from BPEL business
processes. Image taken from [32].

BPMN - Visual Paradigm
Visual Paradigm offers tools for modelling, simulating and analysing business
models based on BPMN [89]. The tools support the BPMN standard notation for
visual elements established by the Object Management Group (OMG). Figure 8.5
shows a screenshot of the Visual Paradigm BPMN simulator. A number of auto-
matic layouting algorithms are supported that can be applied to BPMN models.
Users may also rearrange elements and hide process details to suit their needs.
Thus, the criteria Automatic Layouting, Layout Customisation and Information
Hiding are fulfilled. However, the BPMN tools of visual paradigm do not support
a trace format required to fulfil the Tracing Format criterion.
Users may use the provided BPMN simulator tool to test models. However, the
simulator is aimed towards long-running business processes. Therefore it does
not provide the user with a lot of control over the execution. While the simulation
can be paused, rewound and the execution speed can be varied, further interaction
possibilities for exploring a simulation are not available. After a simulation has
finished, the user is provided with additional charts regarding resource usage and
identification of bottlenecks. The static notation is enhanced with additional infor-
mation for each process, which serves to fulfil the Temporal Overview criterion.
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Figure 8.5: Screenshot of the Visual Paradigm BPMN simulator. Image taken from
[89].

Summary
Table 8.2 presents the evaluation results and summarises the findings. The developed
Peer Model monitoring tool fulfils all established criteria. Each of the other evaluated
tools showed weak points in certain areas. The results reinforce the conviction that the
developed tool is a feasible asset for monitoring and debugging Peer Models.

8.3 Development Evaluation
After discussing the results in the light of the posed requirements and by comparing
the monitoring tool to other tools, this section evaluates the taken decisions and chosen
methodologies through the course of the whole development cycle.

Interviews
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Peer Model
Mon. Tool

Reo
ECT

Petri Nets
CPN Tools

UPPAAL
UPPAAL

BPEL
EA4B

BPMN
VP

Static Notation 3 3 3 3 3 3

Dynamic Notation 3 3 3 3 3 3

Time Control 3 7 7 3 7 7

Temporal Overview 3 7 7 3 7 3

Tracing Format 3 7 7 3 3 7

Automatic Layouting 3 7 7 7 3 3

Layout Customisation 3 3 3 3 7 3

Information Hiding 3 3 3 7 3 3

Table 8.2: Summary of the results in matrix form. For each tool, the previously estab-
lished criteria were evaluated and marked by a 3 or a 7, depending on whether or not
the tool could fulfil the criteria.

Before starting the development of the monitoring tool, personal interviews with
developers working with the Peer Model were conducted. They delivered invalu-
able insight into the issues the developers currently face. The interviews were
mandatory for making sure that the completed software actually becomes an asset
for Peer Model developers and fulfils their requirements. Without them, no proper
requirement analysis would have been possible.

Technology Choices
Overall, the chosen technologies were a good fit for the development of the Peer
Model monitoring tool. JavaFX offered all the necessary features needed in terms
of user interface and drawing capabilities. Standard controls were easy to imple-
ment and the scene graph and its related components proved to be appropriate
for the given tasks. JavaFX’s binding system allowed for a non-invasive way of
linking user interface controls to the data model, supporting the Separation of
Concerns design goal.
Jackson also turned out to be a capable library to fulfil the given requirements.
Although the roundabout way of having to develop an intermediate data struc-
ture and performing the reference replacements for peers, wirings and containers
manually was cumbersome, other libraries would have arguably required the same
approach. Otherwise, Jackson behaved as expected and was pleasant to use.
The general architectural approach of leveraging the MVC pattern proved to be
a good decision. The parts of the monitoring tool are adequately decoupled. Es-
pecially the JavaFX dependency was kept within the view-related parts of the
software. Components of the software can be replaced with relative ease, should
the need arise. Furthermore, components such as the layouting framework can be
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extracted to be used within other software projects.
As no tested graph layouting library was able to meet the posed requirements,
developing the Peer Model layouting framework from scratch was the only viable
solution. And while it was a good deal of work, it was the only way to ensure the
algorithms could be modified to fit the Peer Model layouting use case.

Peer Model Representation
Leaving the already established visual notation for Peer Models intact as much
as possible was a beneficial decision. With only slight modifications, it was pos-
sible to superimpose the dynamic events resulting from the trace file onto the
static structure. Developers were immediately familiar with the visualisation as
the static structure provides the necessary context. And while the dynamic nota-
tions were novel, their purpose and intent was reasonably intuitive.
Using Overview+Detail as the central visualisation technique proved to be an ex-
cellent fit for the complexity of the data and the requirements of developers. The
main view allows focussing on a single moment, while the timeline provides a
temporal context that embeds the focus and offers exploration capabilities. De-
velopers can quickly make sense of a Peer Model and its corresponding traces.
Providing context and time control functionality with the timeline worked out
well. A timeline is a reasonably well known concept used in many different ap-
plications, such as animation software, audio editors and video cutting software.
Developers generally quickly grasp the concept of encoding the time dimension
onto an axis and have little problems using the timeline.

File Formats and Workflow
The monitoring tool relies on being supplied with VIL and TIL (trace) files. Both
VIL and TIL were developed using the JSON data format. Only with the avail-
ability of both, the tool can demonstrate its strengths. The proposed workflow
specifies that the VIL file is generated from the DSL file prior to its use. How-
ever, this additional preprocessing step presents an impediment to an efficient
workflow, even though the conversion process itself is automated and only has
to be performed once for a specific model. Ideally, the developer should be able
to load the DSL directly into the monitoring tool. However, implementing a full
PM-DSL parser would have gone beyond the scope of the thesis and is therefore
left for future work.
The development of the format for Peer Model traces (and the resulting TIL file
format) was a cornerstone for the monitoring tool. The tool can only visualise the
data that is provided by the trace. Thus, great care was exercised when deciding
on what data should be captured and how the data should be structured. Close
collaboration with the Peer Model developers was vital for reaching conclusions
and developing a stable and suitable trace format. JSON is a human-readable text
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format, so in cases when the visual monitoring tool can not be used, developers
can still explore the trace and gain insights. The TIL structure is straight forward
and easy to learn for developers previously unfamiliar with the format. Similar to
the VIL workflow, taking the circuit through a dedicated TIL file can be cumber-
some in certain tasks. While the file based approach is vital for debugging and
monitoring Peer Models that are used in the field by examining historical traces,
it has disadvantages during the development phases. Having to explicitly load
new traces (and altered VIL files) while developing a Peer Model is a suboptimal
solution. Ideally, the monitoring tool should support the direct coupling to a run-
ning Peer Model system without the need for dedicated, intermediate files. This
potential extension is discussed in chapter 9.

Layouting
The developed layouting framework proved to be an excellent fit. While there
was no specific research conducted on the layouting results in order to objectify
the framework’s suitability, developers were generally content with the produced
layouts and did not feel the need for a lot of re-arrangement of elements. Many
of the encountered Peer Models did not require any manual layout adjustments at
all. In chapter 6, criteria for efficient graph layouts were introduced. Peer model
visualisations are similar to graph structures in nature and are therefore assessed
with the same criteria. The developed layouting framework aims to specifically
reduce certain aspects, such as minimising edge bends through penalising turns
in the link routing step, or the employment of a packing algorithm to reduce the
overall size of the resulting layout, thereby reducing edge lengths as well. Exten-
sive formal evaluation is postponed to a future work, but intuitively, the layouting
framework successfully meets the proposed criteria.
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Interaction and Exploration Features
One of the central goals of the monitoring tool was to allow the efficient explo-
ration of traces gathered from running Peer Model systems. Being able to focus
on data that is of interest while hiding other data is crucial, as the amount gen-
erated by Peer Models quickly goes beyond the constraints of what a developer
can grasp at a time. The monitoring offers multiple ways of selectively hiding or
showing information. One such feature is the ability to collapse peers to hide their
inner workings. Another is the compression of services into their compact form
to reclaim valuable screen space. Furthermore, developers can selectively gather
information about individual entries simply by clicking on them. And last but not
least the ability to focus on and skip between moments in time with the timeline.
These and other features enable developers to quickly skim through the trace, find
the aspects that are of interest to them and work out what they want to know.
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CHAPTER 9
Future Work

In the following chapter, potential areas for future works are discussed. This includes the
development of complementary visual tools covering other aspects of the Peer Model
development process as well as additional features and functionalities for the monitoring
software itself.

9.1 Real-Time Monitoring
One of the main potential areas of future research is the extension of the current tool
beyond Post-Mortem Debugging. The general idea is that the visualisation software
hooks directly into a running Peer Model system, without the indirection of using a TIL
file. The tracing format was built with this potential requirement in mind and allows
for sending events as soon as they occur without buffering or delay. The monitoring
tool must receive the events in real-time, process them and visualise them immediately.
Facilities for controlling this behaviour must be tied in with the already established in-
teraction features. This approach would allow true real-time monitoring and debugging
of Peer Models. Developers could attach directly to running models and explore the
processes while they are happening, allowing for a tremendous increase in productivity.

9.2 Modelling
While visual modelling software for other distributed systems exist, the Peer Model
approach still lacks such a tool. Peer models are currently designed and modelled with
the DSL or by directly writing code in one of the programming languages supported by
the Peer Model. While this is a feasible approach, developing a visual tool for designing
Peer Models would unify the whole process and bridge the gap between the textual
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notation given by the DSL and the visual notation. Furthermore, developers new to the
Peer Model could start designing without having to learn the DSL syntax.

9.3 Simulation
Strongly tied to the notion of a visual modelling tool is the idea of developing a sim-
ulation framework. After having designed a model, the developer could make use of
simulation facilities for testing and debugging, without the need for deployment for the
majority of development. A simulator would close the cycle and, together with the mod-
elling and the monitoring tool, provide a full development environment that is based on
the visual Peer Model notation.
A case could be made for incorporating all three aspects into one coherent software
package.

9.4 Peer Model Changes
An important aspect of the Peer Model is its still ongoing transformation. As new use
cases and application possibilities emerge, the Peer Model specification itself evolves.
At the time of writing, new features are still introduced regularly and the accompanying
tools need to incorporate these features as well to stay relevant. As with all software,
the monitoring tool will have to prove its worth in real-life use cases. New requirements
might become manifest that have not yet been considered. Moreover, implemented
features might not turn out to be as useful as anticipated and could need adjustment.

9.5 Large Traces
Future Peer Model systems might grow larger in all their dimensions than currently
existing ones. Especially in terms of trace sizes, this could pose a problem. The present
monitoring tool might not be capable of processing excessively large TIL files. It might
also cause issues concerning the trace exploration. A large trace with a great number
of events becomes cumbersome to navigate for the user. A potential future work could
add features for preprocessing trace files in order to selectively choose parts of a full
trace for a more detailed analysis. Instead of loading the full trace with all its events, the
user could be given a quantitative overview first. Based on that, he/she could specify
a timeframe to isolate areas of interest, which would then be visualised in the usual
way. The feature represents another application of the information seeking mantra of
providing users with an overview first and offer details on-demand.
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9.6 Workflow and Features
The inclusion of a PM-DSL parser also presents a worthwhile goal. It would elimi-
nate the need for VIL files completely, as the user could directly load DSL files into
the monitoring tool. This would also improve the workflow while designing and testing
Peer Models, where the static structure is in a constant state of flux.
As discussed in the previous section, the current tool does not provide any features
for dealing with race conditions. Depending on how often Peer Model developers en-
counter such issues, the monitoring tool could be extended to offer advanced assistance
in tracking down and eliminating race conditions. A similar case could be made re-
garding features for detecting left-behind entries and recognising obsolete structures.
In general, future works could analyse the status quo in monitoring tool utilisation and
explore areas of potential improvement.

9.7 Peer Model Layouting
Developing the layout framework for the Peer Model visualisation was a a major con-
tribution. A potential future work could involve the generalisation of the developed
framework for the use in other applications, for example for documentation purposes.
This could also involve various performance improvements, such as exploring better
suited pathfinding algorithms.
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CHAPTER 10
Conclusion

The goal of this Master’s thesis was the development of an interactive, visual monitor-
ing tool for the Peer Model approach in order to help developers with their debugging
and monitoring tasks. In order to identify issues with the current processes and how a
visual tool can assist developers, personal interviews were conducted. The interviews
served as a basis for the subsequent requirement analysis which in turn determined the
focus of development.
As the Peer Model approach is relatively novel, the facilities supporting developers
with their monitoring and debugging tasks were in their infancy. Among other things,
no agreed upon specification for a trace format existed. Thus, a JSON based file format
(called TIL) for recording and persisting occurring events inside running Peer Model
systems was developed. A visual notation for the static structure of Peer Models had
already been developed prior to this Master’s thesis and was utilised for visualisations
beforehand. In order to maintain its conceptual expertise, the monitoring tool visualises
TIL files superimposed onto the established notation. In general, the information visu-
alisation concept of Overview+Detail played a key role in the design of the monitoring
tool. A specific moment in time is illustrated in full detail alongside a temporal overview
that provides the necessary context. Using interaction techniques, the user can jump to
different moments in time and actively explore the underlying data.
Automatic layouting of Peer Model visualisations was an important part of this work.
To relieve users from manually positioning elements and routing links between them,
a layouting framework capable of this task was developed. As the visual Peer Model
notation is similar to graph structures, algorithms stemming from graph theory were
employed and served as building blocks for the framework.
Finally, the developed tool was critically evaluated and compared to the established
requirements. Potential future works were discussed and an outlook on further develop-
ments was provided.
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