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Abstract
This text briefly summarizes main parts of Ph.D. thesis “Unifying
Framework For Development of Message-Passing Applications”. The
thesis is focused on the development of applications for distributed
memory systems in the area of scientific and engineering computa-
tions. The work addresses the problems inherent to rapid develop-
ment of parallel applications and the complexity of tools used during
their implementation.

The proposed approach is based on the usage of visual program-
ming for expressing parallel aspects and communication in a devel-
oped application. The intention is not to create a complete program
visually; rather, a user writes sequential parts of the application in
C++ and puts them into the visual program. This allows simple
modification of the communication structure and provides immedi-
ate visual feedback of the program’s behavior through a visual de-
bugger. An abstract model is also designed in a way that provides a
unified view of activities that are used during development, includ-
ing debugging, performance analyses, and verifications. While tools
exist in all of these areas, they are usually single-purpose tools. In
the proposed approach, all these activities are roofed by a single con-
ceptual frame; everything from configurations to providing results of
analyses uses one set of terms.

The thesis makes the following contributions: It introduces the
syntax and semantics of the visual language for describing parallel
aspects and communication in applications for distributed memory
systems. The semantics of the language is formalized and the usage
of the language is demonstrated for various problems. These exam-
ples show that the sizes of diagrams describing the visual programs
remain reasonably small for many practical parallel applications.
Measurements show that the performance of the resulting programs
is close to manually created C++ applications.

The ideas presented in this thesis are implemented as a tool
named Kaira (http://verif.cs.vsb.cz/kaira/); it is an open
source tool released under GPL (GNU General Public License).
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Abstrakt
Tento text shrnuje disertační práci „Unifying Framework For De-
velopment of Message-Passing Applications”. Práce se zabývá vývo-
jem aplikací pro systémy s distribuovanou pamětí v oblasti vědecko-
technických výpočtů. Práce je zaměřena na rychlý vývoj paralelních
aplikací a integraci nástrojů používaných při vývoji.

Navržený přístup je založen na abstraktním výpočetním modelu
a vizuálním programování. Tyto prostředky slouží k vyjádření par-
alelismu a komunikaci ve vyvíjené aplikaci. Sekvenční části aplikace
jsou psány přímo v C++ a tento kód je kombinován s vizuálním
modelem. Tento přístup dovoluje jednoduchou manipulaci s pro-
gramem a umožňuje poskytnout přímočarou vizualizaci chování ap-
likace. Abstraktní model je také navržen za účelem sjednocení ak-
tivit, které se objevují při vývoji aplikací: debugování, analýza vý-
konu, predikce výkonu a verifikace. Pro tyto aktivity existuje mnoho
různých etablovaných nástrojů, které jsou mnohem vyzrálejší a nabí-
zejí více funkcí než zde předkládaná implementace. Z pohledu této
práce se však většinou jedná o programy zaměřené pouze na jednu
z oblastí. Navrhovaný přístup spojuje všechny tyto aktivity do jed-
noho myšlenkového rámce s jednotnou terminologií, konfigurací a
prezentací výsledků.

Hlavní přínosy této práce spočívají ve vytvoření syntaxe a sé-
mantiky vizuálního jazyka pro popis paralelních částí a komunikace
v aplikacích pro systémy s distribuovanou pamětí. Sémantika jazyka
je plně formalizována a využití jazyka je demonstrováno na různých
příkladech. Tyto příklady ukazují, že diagramy reprezentující pro-
gram zůstávají relativně malé a přehledné při řešení různých prak-
tických problémů. V této práci je dále demonstrováno, že navržený
přístup může sjednotit a zjednodušit mnoho různých činností ob-
jevujících se v souvislosti s vývojem softwaru v oblasti zájmu této
práce.

Prezentované myšlenky jsou implementovány v podobě nástroje
Kaira (http://verif.cs.vsb.cz/kaira/). Kaira je uvolněna
jako open-source nástroj pod GPL (GNU General Public License).
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1 Introduction
This text briefly summarizes main parts of Ph.D. thesis “Unifying
Framework For Development of Message-Passing Applications”. The
thesis is focused to the area of parallel computing. Parallel comput-
ing, or the simultaneous use of multiple processing units, reduces
the computational time for solving many scientific and engineer-
ing problems. Nowadays, parallel computers are more available and
more people can use and develop software for them. However, imple-
menting efficient cooperation among computing units brings many
challenges, including synchronization, data placement, and commu-
nication. Experimenting with parallel algorithms is also more com-
plicated, as more time may be needed to develop a working proto-
type. But the complexity lies also in activities that are used during
the implementation, such as debugging, performance analysis, or
verification; these activities that are often referred to as supportive
activities. Even an experienced programmer of sequential applica-
tions may spend some time learning how to use tools like parallel
debuggers or parallel profilers. They are usually more complicated
in comparison to their sequential counterparts.

An important aspect of a parallel computer is its memory model.
The two basic memory models are shared memory and distributed
memory. In the former, all computing units may access a global
(shared) memory. In the latter, each computing node has its own pri-
vate memory and they communicate with each other through some
kind of network.

The overall topic of the thesis is the reduction of complexity
of the development of parallel applications for distributed memory
systems in the area of scientific and engineering computations. This
thesis proposes a unifying prototyping framework for creating, de-
bugging, performance analyzing, and verifying parallel applications.
It proposes an environment in which a user can implement and ex-
periment with his or her ideas in a short time; create a real running
program; and verify its performance, scalability, and correctness.

There are many approaches aimed at simplifying the parallel pro-
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gramming: automatic paralleling compilers, programming languages
with special constructs, or different paradigms to express parallelism.
From the perspective of these tools, the proposed approach is on a
lower level of abstraction. The goal is to provide an environment
for simple experimentation with various algorithms; for this reason,
enabling the user to have good control over the results is important.
At the same time, it is also important to maintain a program in a
form that is easy to modify; therefore, some low-level parts of the
implementation are hidden and auto-generated.

One important aspect of the proposed approach is that it also
provides a platform that integrates supportive activities. Tools exist
for many different varieties of these supportive activities; they are
mostly on a higher level of maturity and provide more functions in
their areas of interest in comparison to the implementation of the
tool proposed in this work. These tools, while being very diverse,
usually focus only on a single area. In the framework introduced with
this work, all of the activities are presented in one way. Once the
user knows the basics, all these features may be easily used without
learning a completely new tool for each supportive activity. A second
important aspect of the proposed approach is the interoperability
among all the activities.

Let us consider the following scenario: We are developing an
implementation of a load-balancing algorithm and want to inspect
how this application behaves during real runs. But we also want
to verify the performance and the correctness in general; hence, we
want to observe a simulated run of the application on a virtual com-
puter with some very special performance characteristics to verify
corner cases of the algorithm. A natural wish is to able to compare
and analyze all these data together. If an anomaly is discovered in
these analyses, we would want to see the situation in a debugger and
observe the program’s run in step-by-step detail.

The user usually needs at least three tools to accomplish goals
in this scenario. Also notable is that it can be hard to reuse results
from one tool in another tool if the used tools do not understand
each other. In particular, getting the developed application under
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control of a debugger into an exact state obtained from analysis of
another tool can be hard. In the proposed approach, this scenario
is achievable and all activities are presented in a unified way.

The contributions of the thesis can be summarized as follows:
It introduces the syntax and semantics of the visual language for
describing parallel aspects and communication in applications for
distributed memory systems. The semantics of the language is for-
malized and the language is used with various problems. These ex-
amples show that sizes of diagrams describing the visual programs
remain reasonably small for many practical parallel applications.
The performance of resulting applications is close to manually cre-
ated C++ applications. The language allows easy modifications of
programs and also (together with the visual simulator) immediate
visual feedback about the behavior of the developed program. The
proposed model is also designed in a way that unifies and simplifies
many supportive tasks that occur during development.

The proposed ideas are implemented in Kaira1. It is an open
source project released under GNU General Public License2. The
author of the thesis is the original author, the leader of the team
developing Kaira, and also its main programmer.

1http://verif.cs.vsb.cz/kaira/
2http://www.gnu.org/licenses/gpl.html
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2 Kaira
The main motivation of the presented tool is to simplify and make
more accessible parallel programming of distributed memory appli-
cations in the area of scientific and engineering computations. The
four design goals of Kaira are the following:

1. Prototyping – The user is able to create a working version of
a developed application fast and in a form that allows experi-
menting, easy modifications, and performance evaluations.

2. Unification – All activities during the development are con-
trolled and presented in the same conceptual frame. Results
from different analyses are easily comparable and reusable.

3. Real applications – The primary output is a real application
that can be executed on a real parallel computer. The perfor-
mance of the resulting application must be as close as possible
to a manually created solution.

4. Integration – Existing sequential codes are easily reusable in
the developed program. The integration should also work in
the other way, i.e. the tool is able to create parallel libraries
that can be called in any sequential application.

To achieve these goals, the tool is designed as a complete inte-
grated development environment (IDE), where an application can
be designed and analyzed. For practical reasons, C++ and MPI
were chosen as target platforms. Both are natural choices, C++ as
a general purpose programming language widely used in the area
of scientific and engineering computations and MPI as a portable
wide-spread communication layer. But in comparison to a classic
development of MPI applications, the user does not have direct ac-
cess to MPI in Kaira. Parallel aspects and communication in a
developed application are expressed in an abstract way with the
following two features:
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Semantics of Kaira is based on a simple abstract computation
model with natural parallelisms. It should provide a mental model
for thinking about parallel algorithms without dealing with unim-
portant technical details. On the other hand, the intention is to
keep the model quite low-level with a simple connection to MPI, to
preserve the user’s control over the developed algorithm. The layer
between the model and MPI is also thin to achieve the performance
goal of resulting applications.

Visual programming is used as the way of creating and manip-
ulating with programs. Visualizations are often used in the area of
parallel programming, but in most cases, they are used as a way of
presenting results of analyses. In Kaira, the visualization is one of
the integral parts of the whole development process. The intention
is to use the visual representation not only for programming but also
as a unifying element through different tasks. A visual program is
used to show an inner state of a running parallel application directly
in a visual representation drawn by its programmer and provides a
platform for configuring analyses and displaying their results. On
the other hand, visual programming in Kaira is not intended for
creating complete applications, but only for expressing parallel as-
pects and communication, i.e. designing parts that are not present
in a sequential application. The sequential parts are written directly
in C++ in the textual way.

The abstract computation model in Kaira is based on Coloured
Petri Nets (CPNs) [1]. They provide a natural way of describing
distributed computations and also a natural visual representation,
including display of a distributed state of the computation. Imple-
mentation of model visualization in Kaira is heavily inspired by
CPN Tools3. Because of the specific needs of Kaira, CPNs se-
mantics was extended and modified to be more suitable for parallel
programming with MPI. In short, the most distinctive element is
the usage of queues to store tokens instead of multisets.

The features offered by Kaira can be summarized as follows:

3http://cpntools.org/
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• Creating and editing visual programs. A screenshot of Kaira
during program editing is shown in Figure 1.

• Inserting and editing C++ codes in a visual model.

• Translating visual models into C++ MPI programs and li-
braries.

• Showing and controlling a developed program in the visual
debugger.

• Configuring and generating a tracing version of the application
that records its own run. A record obtained in this fashion can
be loaded back into Kaira for further processing including
visual replay.

• Providing functionality for the performance prediction through
online simulations.

• Providing functionality for the verification through state-space
analysis.

• Exporting results of analyses; they can be loaded into the vi-
sual debugger or prepared for the usage with external tools
(e.g. R).
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Figure 1: The editor with a visual model in Kaira

16



3 Comparison with selected tools
In 90s, there were different tools with the similar goals like Kaira,
i.e. simplify development of distributed application through the vi-
sual programming [2]. As far as we know, these tools have not been
developed in recent years, and the tools themselves are no longer
available or run on old computer systems. We believe that our tool
has better chance to be adopted by developers of MPI applications.
Kaira has a broader scope and also parallel computers have become
more available; therefore, more non-experts have the opportunity to
create programs for them.

Because CPN Tools was a great inspiration for us, it is nat-
ural to compare it with Kaira. The fundamental differences that
distinguish these two tools emerge from their different main goals.
CPN Tools is a generic modeling tool; hence a large collection of
problems that exceeds the scope of Kaira can be modeled and an-
alyzed. But it would be difficult to use CPN Tools as a developing
environment. It cannot create a stand-alone application. Further-
more, where Kaira uses C++, CPN Tools uses Standard ML, hence
integration with many existing libraries would be more complicated.

The usage of queues connects Kaira with stream programming [3].
Kaira is a more low-level tool than stream programming environ-
ments; Kaira uses a simple and explicit mapping of computations
to MPI processes, in contrast to the sophisticated algorithms for
scheduling and mapping of computations in stream environments.
The approach that Kaira offers is less automatic and gives the user
more control of resulting programs. This is important if we want to
experiment with different kinds of algorithms.

From the perspective of MPI applications, there are many differ-
ent supportive tools. They are generic tools that can be used with
any program and are often more mature and optimized in compari-
son to our implementation. But they are usually single-purpose tools
with different terms, configurations, and ways of displaying results.
In Kaira, we try to roof all activities by the semantics of Kaira
and unified their usage under a single concept through the visual
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language.
As examples of such tools, we can named TotalView4, Distributed

Debugging Tool5 as debuggers; Scalasca [4], TAU [5] as tracers; Sim-
Grid [6] as a tool for performance prediction with online simulations;
MPI-Spin [7] and ISP [8] as formal verification tools.

4http://www.roguewave.com/
5http://www.allinea.com/products/ddt/
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4 Example
In this section, some Kaira’s features will be demonstrated on ex-
ample Workers. It solves a classic problem where a master node
(process 0) divides jobs to working nodes (other processes). When a
working node finishes an assigned job then it asks the master node
for a new job. This process is repeated until all jobs are computed.
In our implementation, a job is an interval of numbers and the task
is to find prime numbers in this interval.

First, a user defines mentioned problem through the visual pro-
gram. It is depicted in Figure 2. The basic notation is the same as
for CPNs, hence circles (places) represent memory spaces and boxes
(transitions) represent actions. The double bordered transition con-
tains a C++ code that is executed whenever the transition is fired.
This net is executed on each (MPI) process. The initial marking
is evaluated only in the first process (process 0). Place ready holds
process identifications (ranks) of idling workers; it is initialized by
process ranks except 0. Place counter keeps a start of a next assigned
interval. Transition divide takes a value from place counter (vari-
able start) and a rank of an idling process (variable worker) and
it sends a new interval to the worker (i.e. to the different process).

The value in counter is increased to assign a different interval
in the next step. Transition compute performs the computation on
an assigned interval. When an execution of a job is finished, results
and a token with the process rank are sent back to process 0. Tran-
sition write result takes all results and writes them on the standard
output. It has to wait until the token in counter reaches LIMIT and
all workers are ready.

Now, when the user creates such application it is possible to per-
form different supportive activities. For example, it can be executed
in the visual debugger with an arbitrary number of processes. The
screenshot for our example is shown in Figure 3. The user can see
the distributed state of the program and control its execution.

The history of the execution can be saved as a list of elementary
actions and rerun when necessary. Such record can be also obtained
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Figure 2: The net for example Workers

from the tracing or verification infrastructure. Therefore, when an
interesting situation is observed in analyzes, our debugger can be
taken to this situation. Because the record of actions is loosely
connected with the program, it remains relevant even when some
changes are made into the program (like storing more debugging
information). Hence we can rerun the program while gaining more
information about the run.

To obtain more information about the run on real hardware,
Kaira offers tracing features. For example in our case, we want to
observe the behavior of transition Compute and monitor content of
places ready and results. The configuration is done through placing
labels into the visual program (Figure 4). Labels may contain any
C++ function that determines traced data. Various statistics from
program trace can be obtained or simply exported for processing in
other tools. The tracelog can be also replayed in the visual debugger.

To predict performance for various scenarios like “Is it worth to
optimize a part of code?”, Kaira offers online simulations. Let us
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Figure 3: A screenshot of a simulation of the program from Figure 2
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Figure 4: Profiling in Kaira. Figures show a configuration what to
measure, an utilization chart obtained from a tracelog, and a replay
of a tracelog

Figure 5: A configuration for the online simulator
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assume that we want to predict an effect of an optimization that is
two time faster for every interval such that its beginning is dividable
by fifty. It can be done by placing a label as is shown in Figure 5. The
transition is computed as usual, but the program in the simulator
behaves as if the computational time of the transition is the time
obtained from the expression in the label. To obtain more detailed
data about the predicted run, the tracing infrastructure from the
previous paragraph can be used. Therefore, predicted run can be
replayed or analyzed in the same way as a real program’s run.
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5 Conclusion
The dissertation thesis summarized in this text defines and demon-
strates ideas related to an abstract programming environment for
the development of parallel applications in the area of distributed
memory. It shows that various problems can be expressed in the
proposed abstract model in a way that provides a simplifying and
unifying background for rapid development and various supportive
activities. The most important aspects in the thesis can be summa-
rized as follows:

• The user creates a model of communication and parallel as-
pects in the visual way. It was demonstrated that the diagrams
of various parallel algorithms stay small. The structure of the
program can be easily modified and the user can experiment
with the developed program.

• Semantics of the computation model was formally defined.

• A thin layer between model and MPI allows generation of effec-
tive C++ programs from the visual language. The generated
programs have a comparable performance to manually created
C++ applications. This approach also allows use of existing
tools for MPI applications together with programs generated
by Kaira.

• Developed programs can be run in the visual debugger where
their inner state can be observed and controlled. This allow
us to observe the behavior of the developed program from its
very early stages. The debugger is controlled in a simple well-
formed way. It allows to work with sequences of high-level
events that can get the program into required states. These
sequences can be created by the simulator or can be obtained
as a result of analyses. Therefore, when a state of a developed
application is obtained from any analysis, the application can
be put into this state at any time and debugged by our debug-
ger.
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• Tracing of programs is possible in a way that allows the con-
figuration and presentation of results through abstract terms
of the model. Collected data can be simply exported for fur-
ther post-processing and the traced run can be replayed in the
same visual way as for the visual debugger.

• The proposed tool offers predictions of application behaviors
through online simulations with an analytical model of the
network. The used model allows simple configuration of the
predictions and observation of the results. During predictions,
the complete tracing infrastructure is available. It can be used
to check various “what if . . . ” scenarios.

• The used approach allows to implement the state-space analy-
sis of the developed program together with easily configurable
analyses. The presented approach of implementing formal
methods as a natural component of the development envi-
ronment can increase the utilization of this important part
of computer science among MPI users.

• It was shown that the presented model can serve also for de-
velopment of parallel libraries usable in any sequential C++
applications. This infrastructure is also used for combining
Kaira and Octave to obtain a domain-specific prototyping
environment for developing parallel applications.

All ideas in the thesis and their implementation are presented
with the hope that they will serve well as a useful and practical tool
for programmers of parallel applications. As always, there is space
for improvements and new ideas. The author plans and hopes that
after finishing this thesis, he will have the opportunity to continue
working on Kaira and to expand the tool in many ways.

A remark on publications – Kaira was published mainly on con-
ferences in the area of high-performance computing and software
modeling. We have received positive feedbacks from both communi-
ties. The last publication (PN2014) was accepted in February 2014,

26



thus it is listed only in this summary, not in the thesis. The author
was also active in the area of one-counter automata; it is reflected in
the list of publications in the next chapter. These publications are
not part of the thesis.
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