Enhanced Debugging Methods
for Parallel and Metacomputing Applications
Based on Macrosteps

PhD theses

Written by Robert Lovas

Advisor: Péter Kacsuk (MTA SZTAKI)

Faculty of Electrical Engineering and Informatics
Budapest University of Technology and Economics

Budapest
2005



l. Introduction

Correctness debugging of non-deterministic pargdlelgrams is a time-consuming
and tedious task, particularly in interactive whythis case, the software engineers
must face the probe effect, the irreproducibilittye completeness problem, and also
the large state-space to be discovered during #lmgling phase of software
development cycle. Moreover, emerging high-perfarceaapplications require the
ability to exploit heterogeneous and geographicdlistributed resources as well,
which poses new challenges for application devetagrtools.

While the importance of debugging (and testinghighly accepted in the software
engineering domain, there is still a lack of widesygl and user-friendly debugging
methods and tools. This work tries to overcomelith@ation of existing debugging

methods and combines the debugging methods witmeaied modelling and formal
verification of parallel and metacomputing programs

The presented work is strongly tied to two softwdexvelopment frameworks; P-
GRADE parallel programming environment (developgd MTA SZTAKI), and
HARNESS metacomputing system (developed by Emoryedsity, Oak Ridge
National Laboratory, and University of Tennesse).

P-GRADE [4] provides an integrated, graphical solutfor development and
execution of parallel applications on clusters,esapmputers, and Grid systems. P-
GRADE significantly accelerates the reengineerimgcedure of sequential and
legacy programs including hierarchical design wethhybrid graphical language
(GRAPNEL), debugging, testing, on-line monitoringerformance analysis, and
visualization phases. P-GRADE's run-time environmprovides dynamic load
balancing for long-running GRAPNEL applications éason fully automatic
checkpointing and migration mechanisms using Rardlltual Machine (PVM).

On the other hand, HARNESS [K] is a metacomputiggtesm that attempts to
overcome the limited flexibility of traditional druted computing software
frameworks (such as PVM [AA]) by defining a simddeit powerful architectural
model based on the concept of a software backplme fundamental abstraction in
the Harness metacomputing framework is the Disteithwirtual Machine (DVM),
where not only the number of resources can be fegoad but the services itself
offered by the DVM.

. Related works

According to the literature [A], the distributed ligging methodologies can be
classified according to the level of support thegvide to the software developer
concerning the activities of global predicate sfieaiion and detection, and the
search for the causes of the distributed progrags.bu

The ‘“Interactive debugging of remote sequential procg®ssethod is based on an
extension of traditional sequential debugging comasa This basic approach allows
the individual online observation and control oé texecution of remote sequential
processes. This feature is supported by almosxaéting commercial and academic
distributed debuggers.



In order to address the non-reproducibility isdue ‘ITrace, replay and debuggihg
approach is based on collecting a trace of thevaeke events generated by a
distributed computation, during a first run of ghe@gram. If one or more erroneous
situations are found, the distributed program camedexecuted under the control of a
supervisory mechanism. The trace and replay teakrii@s been in focus of intensive
research in the past decades, mostly concerningetthection of the perturbation
(probe effect) and of the volume of the traced nmfation. However, not all
debuggers include such a facility. From the usgoist of view, there is an important
drawback in the Trace, replay and debuggih@pproach, since it does not provide
support for the analysis of other distributed cotapan paths besides the actually
traced one.
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The ‘Integrated testing, active control and debugdirmgtempts to overcome the
above-mentioned limitation of a simple passivedraad replay approach. Multiple
authors have proposed approaches for the activerotoof distributed program
execution for distributed debugging purposes [L]M]

The “Automated detection of global predicates, activatmd and debuggint
approach is an attempt to help the user incredbmgonfidence on the results of the
previous approach, by allowing the specificationha&f correctness criteria in terms of
global predicates. Such global predicates are thetomatically evaluated by
detection algorithms, working off-line or online.

The following table compares some of the most simited debugger tools

according to their supports for the four main dejpng approaches. At the end of the
table the P-GRADE environment is also enrolledmiy theses, the main goal is to
give user-friendly and automated solutions foragdproaches by means of the tools
integrated in P-GRADE; such as DIWIDE distributegbdgger, macrostep engine,
GRSIM simulator and TLC temporal logic checker @egil also address the

generalisation of these elaborated methods towaedacomputing applications.

lll.  Methods for investigation

The first aim of my work was to prove the corressmef the new macrostep-based
execution (an active control mechanism) of GRAPNglograms in P-GRADE
environment applyinformal method$rom the field of model verification.

In the first thesis, the formalism of coloured Ragts (CPN) [R][S][T] was chosen
for modelling GRAPNEL programs from debugging aspects. The ftoamstion to

CPN is based on the class representation of GRAPNilgrams following its
hierarchical design concept. The generated CPN Imiedspecified by the XML

description of a widespread CPN simulatioal.

The formal description of the macrostep-based di@mtuelies on the state-space
(Occurrence graph) of the introduced Petri-net rhodéen, the correctness of
macrostep concept has been proven formally by éte &f partial ordering Kripke-
structures [O][P][Q], which are derived from thatstspace of the CPN model in case
of uncontrolled running as well as macrostep-ba&s@tution.

As the second goal, the macrostep-based debuggetbodology was improved,
where furthemodel checking techniqug$] have been utilized in the field of parallel
debugging. The introduced support for run-time eaabn of temporal logic
specifications (detection of global predicates) fids been defined by state machine
description. The Petri-nesimulation tool [V][W][X] can steer and optimise the
traversal of state-space during the macrostep-bagedution, astatic analyser(a
partitioning algorithm) classifies the processe® isubclasses, and Rayleighror-
modelis applied for the estimation of fault densityGRAPNEL applications.

Finally, the macrostep-based execution vggeralisedtowards metacomputing
applications. The described approach followed tbeeh design methods of the
HARNESS metacomputing framework, and an adaptive @men architecture has
been introduced for debugging of metacomputingiepfbns. After thenvestigation



of the available debugging tools and trequirement analysidor debugging of
metacomputing applications, new debugging mechanisave been developed for
the unification of local and remote method calts, ttansferring the consistent global
states of individual processes between arbitrarppudgging tools, and for the
macrostep-based execution of metacomputing apiolicat

IV. New scientific results?

1 Macrostep-based debugging technique for GRAPNEL
applications

In P-GRADE development environment, the parallglli@ptions are constructed
based on the syntax and semantics of GRAPNEL hylmdramming language.
GRAPNEL provides language elements to express gralphthe parallelism, the
distribution, the concurrency, and the communicatizetween processes at
different hierarchical design levels. Meanwhile teBequential code can be
inherited from legacy sequential applications.

The goal of the first thesis is to define a fornframework for the proof the
correctness of macrostep-based execution of GRAPNEgrams.

1.

| introduced new limitation rules and language elata in the GRAPNEL
language in order to automatically create its m@m@al coloured Petri-net
model for debugging purposes. Then, my transfomatnethods for each
element of this new GRAPNEL* language are descritpedoloured Petri-net
patterns. Based on the transformation steps, lgatdvata coloured Petri-net
model exists and can be generated for any GRAPNEL* programs for
debugging purposes.

Relevant section in the dissertation: 2.1
Related publications: [1][2][5][7][9] (GRAPNEL) [3][22][25][27] (CPN)

In order to handle the non-deterministic behaviair the GRAPNEL*
programs in different debugging sessions, | preskthe formal description
for a novel, automatic generation of successivealleonsistent states, called
“macrostep-based” execution.  The traversal of ttate-space with
macrosteps (generation of the Execution Tree) $® antroduced, and my
formal description is based on the Occurrence gadphe Petri-net model. |
presented thathe traversal rules of Occurance graph can be formally
defined as the selection of representative sets of state transitions, which
result the macrostep-based execution of any GRAPNEL* program. Thus, the
software developer can apply an execution mechafisnthe GRAPNEL*

2 The claims related to the theses are emphasizadwitl characters.



parallel programs, which is similar to step-by-seegecution of traditional
sequential programs.

Relevant section in the dissertation: 2.2
Related publications: [8][13][27]

3. In this thesis, | presented the correctness ofntlaerostep based debugging
methodology. As the first step, both the Executibree (the result of
macrostep-based execution) and the Occurrence Gcaptesponding to the
entire state space of GRAPNEL* program) are tramsédl into Kripke
structures;KS; andKS,. Then, | proved thathe macrostep-based selection
algorithm of representative state transitions is a kind of partial ordering on
the Kripke structure KS,, and the Kripke structures KS; and KS, are
stuttering equivalents to each other. Therefore, the software developer gets
successive global states (macrosteps) withoutdoaiy relevant information
about the behaviour of observed system.

Relevant section in the dissertation: 2.3
Related publication: [27]

2 Model checking methods in parallel debugging

Temporal logic (TL) and coloured Petri-net (CPN)véngoroved as adequate
frameworks for describing the dynamic behaviour afsystem (program)
consisting of multiple asynchronously executing poments (processes).

The main goal of this thesis is to improve theoédincy and usability of original
macrostep-based debugging methodology by the atitorcamparison of the
expected and the observed behaviour of GRAPNELYg@ams. Thus, the novel
methodology combines ideas from parallel debuggireghods and from model
checking algorithms as well.

1. Relying on the theoretical background of temporid specifications, |
described a method for the integration of a newudglng framework, where
the actual GRAPNEL* program runs controlled by timacrostep-based
debugger as the universe in which the user-defieatporal logic formulas
are checked. My method includes the initialisatpdrase of the framework,
the way of insertion and detection of run-time tena logic assertions, the
support for the evaluation of atomic predicategnefced by temporal logic
formulas, and the communication protocol with aegahpurpose TL checker
using state machine description. Based on thegewhents, | presentedat
a particular class of temporal logic expressions (LTL.x) can be evaluated on
the paths of Execution Tree during macrostep based execution. In this way,
the required user-interaction (to detect erronedugtions) can be radically
reduced by temporal logic assertions.

Relevant section in the dissertation: 3.1
Related publications: [14][25][27][33][34]



2.

In this thesis, the integration of a coloured Pe#éti (CPN) simulation engine

into the debugging framework is described relying tbe CPN model of
GRAPNEL* programs. | presented ththe CPN simulation engine is able to
steer the macrostep-based traversal of state-space (the building of the

Execution Tree}fowards erroneous situations during the debugging phase,

and to detect the already traversed execution paths. The presented method
can assist the software developer to find programgrbugs by its simulation
& steering techniques.

As a part of my work the following techniques arlsoaproposed and
investigated in order to enhance the debugger fraorie (1) A reduced CPN

model for GRAPNEL programs if the program does metet the limitation
rules. (2) Some methods for the partitioning GRARN{ograms in order to

split up the application to deterministic and natedministic parts, making
the debugging cycle more efficient. (3) A distribditconfiguration, where

more execution paths (test scenarios) can be ecsimultaneously. (4) An

analyser tool based on Rayleigh model for estimatiberror density, where
the analyser is able to recommend the release rafl@asoftware when the

program’s reliability achieves the satisfied levéh) A method that can
improve the reliability of the released programciertain cases forcing its
states remaining inside the already tested stateesp

Relevant sections in the dissertation: 3.2
Related publications: [25][27]

3 Debugging of metacomputing applications

Emerging high-performance applications require thadility to exploit
heterogeneous and geographically distributed ressurThese applications use
networks to integrate supercomputers, large da¢gbagsualization devices, and
scientific instruments to form networked virtual psucomputers or
metacomputerswvhich can be accessed from simple desktop compui¢hile the
underlying physical infrastructure to build metagating systems is becoming
more and more widespread, the heterogeneous andmiynnature of the
metacomputing environment poses new challengespfication development
and debugging tools.

The major aim of this thesis is to generalise thacnostep-based debugging
methodology towards metacomputing applications.

1.

| presentedan adaptive debugger framework (metadebugger) for HARNESS
metacomputing applications following a software backplane approach tisat
able handle the dynamic behaviour of metacomputing systems during the
debugging phase. For this purpose, the metadebugger is equippid w
“export” and “import” functionalities in order t@ansfer the consistent process
states of multi-threaded applications between dgérsghence, the invocation
of third-party debuggers becomes available in #terdogeneous environment.
| introduced several novel features including thatomatic context



V.

management (i.e. “step into”) mechanism for remotethod invocations
(RMI) that unifies the debugging mechanism for laoad remote calls even if
the application is executed on a metacomputinggtat Relying on this RMI
support, a monitoring and visualisation subsystem @so developed for
metacomputing applications as a part of my work.

Relevant sections in the dissertation: 4.1
Related publications: [11][13][28][29]

This thesis focuses on the non-deterministic behmviand architecture
dependencies of metacomputing applications from dbleugging point of
view. For this purpose, | presented the way how mheerostep-based
debugging methodology can be generalised towards HARNESS
metacomputing applications. The new methodology is based on modified
collective breakpoints, macrosteps, and resoussestation tables but some
limitation rules have been introduced regarding themmunication
possibilities of metacomputing applications. | deped further the
architecture of metadebugger framework with a msteqo controller plug-in,
which relies on the monitoring facilities of the ta@ebugger. A resource-
translation mechanism is also developed as a gamyowork due to the
irreproducibility of execution environment as wa#i an algorithm for testing
the environment dependencies of metacomputing Gins.

Relevant sections in the dissertation: 4.2
Related publications: [10][28]

Dissemination of the results

The results described in the theses are publishedonference proceedings,
journals, and demonstrated at several scientifienic and exhibitions.

On the other hand, P-GRADE development environm&rgaining more and
more attention from universities and IT companiesnf the EU and USA. P-
GRADE has been also applied successfully in metegyofor parallelising an
ultra-short range weather prediction system (HuagaMeteorology Service)
[3][12][15], in engineering for simulation of urbatraffic (University of
Westminster), and in chemistry for modelling of aan-diffusion systems
(E6tvos Lorand University of Budapest) [23][26][30]

Most of the presented scientific results have bakeady implemented in P-
GRADE environment, and the software developersahle to take the advantages
of these new debugging methods in order to increhsereliability of their
software products. Recently, P-GRADE has been éurdeveloped to support the
seamless migration from traditional parallel angtributed platforms towards grid
environments [17][20] and workflow-based complex plagations [4][16]
[18][21][24]. Therefore the designed and debuggeplieation can be deployed
on these new platforms as well providing even muee opportunities for the
end-users.



The results, related to metacomputing applicatiaces; be applied in other
metacomputing or grid computing frameworks (such1&§), which are finding
acceptance as standard platforms for high perfocmaand data intensive
applications.
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