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2 The context

The goal of the MESCAL project is to design and validate middleware and services
in order to efficiently exploit large distributed infrastructures built on aggregation of
commodity components and/or commodity clusters at metropolitan, national or in-
ternational scale.

Our target applications are intensive scientific computations and our methodology
used is based on the design of bricks that scale efficiently using modeling and perfor-
mance evaluation of both architectures and software layers.

Many numerical applications (cellular micro-physiology, protein conformations,
particle detection, combinatorial optimization, Monte Carlo simulations. . . ) are con-
stituted of a very large set of independent, equal-sized tasks. These loosely-coupled
applications are very likely to benefit from large-scale computing platforms. This
explains the success of parallel computing on large dedicated clusters (CRAY, IBM,
COMPAQ) and then on homogeneous clusters of commodity components. The scien-
tific computing community realized quite recently that it could use a huge computing
power by merging a large number of components. Grids obtained through mutual-
ization of available resources inside autonomous computing services are a good ex-
ample of this approach. Lightweight grids CIMENT Grid use the same principle but
is limited only to trusted autonomous systems, typically intranet, and is therefore less
demanding from a security point of view. Another example is the use of available
computing resources on an intranet (Condor) or the internet (such as Seti@home, and
Xtremweb).

2.1 Research domain & open challenges

This part describes the general context and the most classical and most difficult issues
in the field of large scale computing. More specific challenges for Mescal will be given
in Section 2.2.

To use distributed computing power one needs to solve various problems com-
ing from specific properties of the involved components: the distributed architectures
and the target parallel applications. Then to make applications run on distributed ma-
chines, one has to offer opereating tools and services based on a solid design and validation
methodology. These four points and now detaillled.

2.1.1 Computers federation properties

By contrast with cluster architectures, Grid federations of existing components are
distinguished by:

• Large scale. The number of nodes in such a federation can reach an order of 104.
The Grid5000 project aims at building an experimental grid of 5000 nodes. This
figure can be higher when addressing the problem of using idle computing time
on an intranet. For example the Hewlett-Packard intranet offers at least 2 ∗ 104

idle PCs and the SETI@home project uses always at least 600,000 nodes.
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• Heterogeneous architecture. Large clusters are highly homogeneous: same brand
and configuration of processors, identical network both architectural and per-
formance wise. This is not the case in new computing architectures. Nodes are
not identical anymore and the communication characteristics vary depending on
location and shared use.

• Dynamicity of resources. The composition of these architectures are highly volatile.
The potential large number of their nodes makes it impossible to have all of them
available at the same time. They grow and shrink depending on the adding and
replacement of components which themselves change according to technology
evolution. Moreover, the high number of nodes implies that a part of them will
always be unavailable even if each of them is highly reliable (e.g. the Pittsburgh
Supercomputing Center points out the permanent unavailability of 2 of the 750
nodes of the Terascale Computing facility). Another source of unavailability
comes from maintenance and upgrade operations which duration grows with
the number of nodes and administrative staffs concerned. We should also keep
in mind that in most cases, resources are only lent and can therefore be removed
at any time. Last but not least, the resources behavior can be different from the
expected one due to uncontrolled concurrent access. This is for example the case
when networks and nodes are shared among users who have no knowledge of
each other.

Open Challenges On large federative architectures the main problems to address
are scalability and dynamicity regarding administration and assignment of resources:

• Global view of a federal architecture. To get a global view of such a large dynamic
architecture is not something that can be achieved today, both from an availabil-
ity point of view and from a performance one: knowing which resources are
available and their respective power, computing, memory storage, connectivity,
is an open challenge. More levels of interactions between subsystems need to be
defined and implemented to solve this.

• Resources availability. Finding a set of resources on such an architecture and guar-
antee their availability for the duration of the job is an open research problem:
it involves being able to have a global view of the architecture and predict how
long this view will be correct, which requires the use of models to predict how
jobs will behave and how the architecture will evolve.

2.1.2 Parallel applications

For intensive computing, parallelism is the mean to get results in firm or reasonable
deadlines: efficiency is therefore the main goal. The target applications are of large
size and duration. Executing such applications on a distributed architecture requires
to exchange a large amount of data and the overhead implied must not cancel what
was gained with parallelizing. Three kinds of parallel applications can be exhibited
with respect to the tasks they are made of:
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• Independent tasks. Multi-parametric and master/slave applications don’t have
much architecture constraints. A master node distributes computing tasks on
the slave nodes and collects the results. The tasks being independent, the main
architectural constraint is the cost of distributing and collecting data. In such
applications, the hardness therefore mainly comes from the resource selection
problem.

• Regular and irregular communicating tasks. Tasks exchange data in a predictable
way. To be efficient such an application has to balance communication and com-
puting time. On homogeneous clusters a lot of work has been done, especially
on communication scheduling, to fix how and when such a balance is possible.
For a given data amount and a given homogeneous architecture, rules are used
to find the amount of resources and map the tasks on the nodes. The Linpack
benchmark which is used for the TOP500 ranking is a example of such a pro-
gram which needs special tuning for a target architecture. On the other hand,
getting an efficient parallelization for applications with irregular communicat-
ing schemes is still a difficult task even on homogeneous clusters.

Large duration executions also raise the fault tolerance problem. Large parallel
clusters have mechanisms for check-pointing and restarting applications to, on the
one hand, limit fault consequences and, on the other hand, share resources over time
by being able to remove some from a running application.

Open challenges Knowing if an application can be parallelized efficiently on an fed-
eral architecture is an open problem. One of its aspects is defining scheduling strate-
gies for computation and communication that can adapt themselves to a large set of
heterogeneous dynamic resources. This adaptability relates to several scientific do-
mains:

• Heterogeneous scheduling of computation and communication. This problem is the-
oretically hard in a well known and modeled architectural context. When re-
sources’ performances are not well known or can vary, the only solution lies in
dynamic load balancers.

• Resilience. The dynamicity of resources makes it necessary that applications
can resist a fault or a resource disappearance by migrating on other resources.
Building a runtime environment that offer such a guarantee is an open challenge
(MPICH-V [1], for example is a step towards this direction).

Because of the inordinate amount of time that would be needed to rewrite legacy
codes, it is often the case that existing parallel applications written for homogeneous
clusters have to be run on heterogeneous platforms. Efficient execution of such ap-
plications is only possible when a subset of homogeneous resources that matches the
application efficiency needs can be found. The problem of ensuring correct executions
on successive sets of resources fault prone remains. A crucial question to address is
then : is it sufficient to adapt existing checkpoint&restart or tasks migration on clusters
to federal architectures?

[1] Mpich2 homepage. http://www-unix.mcs.anl.gov/mpi/mpich2/.
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2.1.3 Operating tools & services

Most tools and services have to operate a distributed heterogeneous architecture made
of commodity components that were defined and standardized in the beginning of the
internet and distributed systems. Based on the client/server model they are strictly
point-to-point protocols. The use of clusters exhibits the need to operate simultane-
ously on a large number of nodes by using multi-point communication which are of-
ten simply implemented by a large number of point-to-point operations. Operations
with such needs are:

• OS installation. The high number of OS and their size (3-4 Gb/OS image) quickly
showed the limits of usual sequential installation methods (Ghost, SystemIm-
ager) and the lack of tools to describe and operate various versions of OS on
different systems. Here, costs grow linearly with the number of nodes to handle.

• Parallel Program Launcher. Launching a parallel program needs to create remotely
a large number of processes and has the same limitations when done by launch-
ing sequentially a process by node using standard tools (rsh, ssh, . . . ). Moreover
starting an application implies to insert and/or extract large amount of data from
a distributed architecture.

• Data storage and transfer. Distributed file systems like NFS or DFS use the same
organization. Each node can be a file server and a client of other nodes. It is
the administrator’s responsibility to decide mountings between nodes to share
files. Moreover these file systems were designed to handle independent flows
of requests which is not the case of parallel applications. It is the users’ burden
to copy and move their data to place them on the best spot for performances.
The transfer is done using using classical two-points protocols like rcp or ftp
seldom optimized (gridftp). Multi-point transfers are achieved using sequential
two-point ones.

• Resources and jobs management.The underlying principle of most OS and coop-
eration protocols is fair sharing between resources without taking into account
performances collapse consequences of an overload of resources and services.
This politic is in contradiction with parallel computing which goal is to maximize
performances. Since a significant part of parallel programs is highly sensitive to
behavioral differences among nodes a strict control of computing and communi-
cation loads lead to the design of batch schedulers, PBS[] being the most famous.

The birth of large, several hundreds nodes, homogeneous clusters quickly high-
lighted the lack of scalability of tools and services designed in a "naive" way. The main
companies (CRAY, IBM, HP) and several large institutions members of the ASCI pro-
gram proposed proprietary solutions that use specific hardware like NAS (Network
Attached Devices) or SAN (Storage Area Network) or specific networks (QUADRICS).
Former Adhoc protocols (like COMPAQ STORM or IBM SP) used this hardware to
provide performances mandatory for scientific computing.

More recently, the popularity of large homogeneous clusters made of commodity
components (PC+LAN) for scientific computing lead to re-implement efficiently these
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tools and services for these architectures. Efficiency is achieved through systematic use
of parallel programming techniques. These sets of tools are available in open source
or commercial packages. OSCAR contains the C3 tools from project Millenium and
the parallel file system PVFS etc. The MandrakeClustering distribution contains tools
and services designed by the APACHE project members (Kadeploy, Ka tools, NFSp
and OAR) what will be described in the Software section (4).

Open challenges Current works to design grid middleware (GLOBUS now OGSA
and soon WSRF, Legion, Unicore, E-toile), grid deployment (Datagrid, now Egee),
lightweight grids or global computing show that the difficulty to design efficient tools
and services grows with scale, heterogeneity and dynamicity of these federal architec-
tures.

• Tools and services with dynamic behavior. Like in parallel applications the goal is
to define an implementation of operating tools and services that can adapt to
the heterogeneity and load of federation like the TCP protocol adapts itself to
networks’ loads. In the Ka-Tools case for example, the challenge is to identify
measurable significant parameters that enable to find an optimal scheduling of
actions.

• Knowledge of resources. The dynamicity of a federal system raises the problem
of discovery and characterization of its components and their availability. This
problem is close to the discovery of resources and services on the internet. Find-
ing a solution to this problem is mandatory to operate significant federal archi-
tectures.

• Reliability Making a distributed system reliable has been and remains an active
research domain. Nonetheless this has not so far lead to results usable in an in-
tranet or federal architecture for computing. Most propositions address only a
given application or service. This may be due to the fact that until clusters and
intranet architectures arose it was obvious that client and server nodes were in-
dependent. So, a fault on most of the nodes didn’t lead to a complete failure of
the system. This is not the case in parallel computing where a fault on a node
can lead to a data loss on thousands other nodes. Is it possible to adapt existing
checkpoint&restart or tasks migration mechanisms to clusters or federal archi-
tectures? Will it be easier to use the high number of nodes to duplicate com-
putations to limit the impact of faults? More, what should be in charge of the
middleware and the applications?

• Security On the security side, federal architectures inherit from solutions de-
signed to isolate intranets. It is obvious that inclusion of computation and data
from a foreign intranet arises a lot of problems, which are critical to operate grids
and global computing. One of the main points is to ensure isolation between lo-
cal data and computations and foreign ones, typically by using sandboxing, an-
other one is to enforce respect of the sharing contract between resources owner
and the guests.
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2.1.4 Design & Validation

The preceding parts describe functions to implement and to operate efficiently a large
federal architecture. But designing and validating proposed solutions are themselves
open problems. For large homogeneous clusters it is often only necessary to model
them using few components easy to identify; to validate an implementation the clas-
sical method is to extrapolate from performance measurements done on an identical
but smaller cluster.

Size, heterogeneity and dynamicity of federal architectures make components and
parameters identification hard. Moreover, Experimental validations of the correspond-
ing implementations are also very hard to do in a complete way because of the diffi-
culty to have the whole architecture available at the same time on the one side and,
on the other side, to extrapolate from one part to the whole configuration. This lack of
complete control of the architecture and the experimental conditions makes important
to use techniques to analyze components or the architecture to exhibit building prop-
erties (type of components and how they are clustered, connectivity and small world
property) and behavioral (frequency, bandwidth, availability rate, . . . ) of federal ar-
chitectures and extract generic models used to validate algorithms.

Open Challenges The necessity to confront performance prediction and real behav-
ior requires to access a large base of experiments. An open challenge is to build a cycle
of design and validation of tools and services for federal architectures.

Another one, from a modelization point of view, is summarized by the well-known
sentence: "small is beautiful, more is different". Indeed, while the interactions between
a small number of components is often easy to describe and to study, however, when
this number increases many new behaviors appear (long range dependencies, auto-
similarities, global deadlocks) which are still unexplained.

2.2 Project’s directions of research

The Mescal project’s goals are part of a more global objective: to design and stan-
dardize middlewares to operate large distributed heterogeneous and dynamic archi-
tectures.

The project focuses on efficiency, scalability and fault tolerance of a set of tools and
services previously described through typical use cases. The target of large federal
architecture makes necessary to address the design of methods of tools to validate
proposals, either or both from a model and observation point of view.

To adapt and validate these tools on a significant scale, it is mandatory to pre-
dict, when possible, and measure, in every case, their behavior. This requires strong
knowledge of performance evolution and large systems modeling, two assets of the
MESCAL project. One of the main goals of the project will be to apply methods and
mechanisms of analysis and modeling to tools and solutions built on significant appli-
cations to show their scalability.

8



2.2.1 Mescal middleware objectives

Discovery and characterization of a federal architecture The most efficient use of
available resources requires to give schedulers the main characteristics of available
resources.

• Discovery The discovery and configuration of the components of a federal archi-
tecture is a special case of resources and services discovery on the internet. Cab
the proposed protocols (PnP, SLP) scale to a federal architecture? What should
be added to make them more suitable?

• Characterization The most efficient use of available resources requires to char-
acterize and group them in significant subsets (virtual clusters) used by parallel
actions schedulers (tools, services or applications). This characterization will ad-
dress components power (CPU, memory, disk, . . . ) or subsets (bandwidth, . . . )
and their availability (fault occurrence rate, disconnection, availability of soft-
ware components, library, . . . ).

Parallel applications management Parallel applications management must face re-
sources heterogeneity and volatility. A resource can become unavailable because of
a fault or because its booking expired or because its owner claims it. Applications
scheduling must use launch windows during which resources necessary for an appli-
cation are available.

• Virtual cluster & launching windows Efficient execution of a communicating
application on a given homogeneous cluster can be done for a given configura-
tion in a time that can be computed before execution. On a federal architecture
such computation can be done using only homogeneous subsets, typically vir-
tual clusters, that match the application needs. If resources are not available for
the estimated duration, it is necessary to know or to be able to predict the du-
ration of resources loan: booking by contract or prediction of idleness (night,
weekend). Then it is possible to compute launch windows on virtual clusters.
How to build these clusters, just by adding identical resources or by defining a
common metric to be able to interpolate nodes of various capacities?

• Checkpoint & restart A large time application can require several launch win-
dows to be completed. This can be on purpose to avoid a monopolization of
resources by a unique application or to render an execution fault tolerant. The
application must then be stopped and restarted later on another set of nodes.
Likewise in case of faults or resources preemption it is used to avoid restarting
from scratch. In the case of multi-parametric applications it is basically detecting
failure and reschedule the cancelled tasks. When dealing with communicating
applications made of tasks with dependencies it is necessary to render the whole
application fault proof.

Control & Data movements tools & services The experience gained in deploying
commodity clusters and lightweight grids showed that most tools and services rely on
a small set of generic operations which efficiency was mandatory.
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• Broadcast The broadcast of an action (taktuk) is a common mechanism for schedul-
ing, launching of parallel applications, files broadcast and configuration deploy-
ment.

• Data transfer The coordinated multi-point transfer (GXFER) uses the whole net-
work bandwidth to exchange data between groups of nodes. It’s an important
tool for data movements and placement necessary to achieve an efficient parallel
computing.

The efficiency and scalability of these mechanisms rely on a correct scheduling
of computation and communication. This scheduling depends on a few parameters
indicative of the architectural cost and the amount of data transfer. The goal is to go
from implementations tuned for an homogeneous architecture to adaptive ones that
can configure themselves dynamically to the various behaviors of the components of
a federal architecture. Another goal is resilience.

2.2.2 Mescal validation methodology

As was said in the introduction, heterogeneity, size and dynamicity make hard mid-
dleware correctness from both functional and performance point of view. It is not in
the project’s goal to address software engineering problems related to design and cor-
rection proof of the tools. We will just keep up to date with the state of the art. Our
effort will focus on quantitative validation, i.e. our solutions will be efficient, if not
optimal, and scalable.

In the operational goals framework, we noticed that building such solutions were
linked to identify and measure typical properties of the architecture. The project will
be careful in building a significant experimental context by

• the deployment of clusters and the lightweight Grenoble metropolitan grid CI-
MENT. The project is in charge of system and applications deployment as well
as the scheduling of multiparametric applications in the CIGRI project;

• being part of the GRID 5000 experiment: a national grid with roughly 5000 nodes
devoted to experiment middleware for federal architecture;

• design and implementation of tools (file system, data transfer) for national and
european grids;

• deploy in the ID laboratory a system to exploit nodes idleness. This work is done
in the RNTL IGGI project with the BRGM and the Mandrake company. Previous
works on this topic done with the Hewlett-Packard company lead to the creation
of the Icatis start-up.

From this base of experiments we intend to identify and measure significant pa-
rameters of behavior and components necessary to build tools and services efficient
for platforms of this scale. To guarantee that results can be used to extrapolate the
performances on a federal architectures new models of such architectures are to be
defined. To reach this goal the following problems must be tackled:
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• Behavior analysis of large distributed systems The main problem comes from
the large size of the system and its heterogeneity which have for consequences a
high number of various structural characteristics and an huge amount of events
to handle to be able to analyze behavior. The goal is to identify these indicators,
group them into appropriate criteria and build costs models to reduce the total
number of parameters that controls the Mescal middleware.

• Modelling and evaluation of large distributed applications The difficulty in ac-
cessing the whole architecture and foresee future structural evolutions requests
to propose performance prediction methods as well as methods to extrapolate
a result for the whole architecture from a subset of it only and methods to vali-
date a solution for different architectures both in size and functionalities. Tools
to modelize large systems are required together with appropriate methods of
resolution and tools to interpret results.

3 Objectives of the project

Our research program can be divided into five main subjects, all aiming at providing
efficient solution for large scale computing. The first two concern the design of models
for large infrastructures (Structural models for large networks) and the mathematical
analysis of such models (Performance modelling and analysis). The next three themes
cover the main challenges for exploiting large systems. The control and the adapta-
tion to the hardware (Dynamic Infrastructures and Volatility), the deployment and
the scheduling of applications (Scheduling and Dynamic Deployment), and finally
the optimisation of the communications (Complex Collective Communication Scheme
Optimization and Resource Discovery).

3.1 Structural Models for Large Networks

When the size and the complexity of networks grow, one cannot use ad-hoc mod-
els and techniques anymore. Instead this calls for the introduction of structural ap-
proaches modeling general classes of systems and combining qualitative and quan-
titative analysis. Such models for large networks are often discrete event systems , as
shown below.

3.1.1 Stability of Deterministic Systems

Among this modeling techniques, a new approach combining uncertainty and deter-
ministic bounds has appeared recently [10,5]. Network calculus is a new technique that
enables one to an analyze large networks with deterministic guarantees. An elegant
parallelism with signal theory has done given by Le Boudec and Thiran [5]. The in-
terest of this technique is the "black box" approach: each node in the network is seen

[10] C.S. Chang. Performance Garanties in communication networks. Springer, 2000.
[5] J.Y. Le Boudec and P. Thiran. Network calculus, A theorey of deterministic queing systems for the

internet. Number LNCS 2050. Springer Verlag, 2000.
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as an operator that transforms the input signal into an output signal. This provides
a set of rather elementary calculus formulas that allow one to compute the behavior
and the properties of a large network starting from the elementary components and
building over them.

In a collaboration with Jean- Yves Le Boudec and Gianluca Rizzo (both from EPFL,
Lausanne), a new algorithm has been design to decide if a network with deterministic
features is stable. This algorithm uses an input-output characterization of each node
and solves a fixed point equation. It is scalable by nature and we plan to use it to test
large systems for which the stability issue is still open.

Proposed Research: Use the network calculus approach to derive deterministic
guarantees for large networks (stability, buffer sizes, delay guarantees, jitter control)
and develop the algorithmics of Network Calculus.

3.1.2 Asymptotic independence

An easy way to study a large network is by assuming that when the size of the system
is large enough, then the behavior of one of its components does not really alters the
global behavior, so that it can be studied as if it were independent. A way to formalize
this intuitive idea is by showing asymptotic independence.

In a join work with Arie Hordijk (Leiden, NL) , we have been working on large
Markovian models of wireless networks with large number of stations. In most papers
[4], the analysis of such systems assumes that when the number of stations is large, then
one can isolate one of then and consider the rest as independent of the isolated station.
Such properties of asymptotic independence can be proved using techniques which
were originally developed for sensitivity analysis. If P and Q are two Markov chain
kernels with general state space, with respective stationary distributions πP and πQ,
then under normed ergodicity assumptions, one can derive formulas for the stationary
distribution πθ of the Markov chain with kernel pθ = θQ + (1− θ)P (0 ≤ θ ≤ 1) under
the form of series expansions

πθ =
∞∑

n=0

πP θn((Q− P )D)n,

where D is the deviation matrix of P .
This has been done for a system made of a large number of station communicating

via a wireless network using a simple form of the IEEE 802.11e protocol. We were able
to show that taking for P the product form chain (assuming independence) and for Q
the real chain, the series above has a radius of convergence equal to 1. Furthermore,
under certain normalizing conditions, πθ goes to πP when the number of stations goes
to infinity.

proposed Research Prove asymptotic independence for several large systems.

[4] G. Binachi. Performance analysis of the ieee 802.11 distributed coordination function,. IEEE
Journal on selected Areas in Communications, 18:535–547, 2000.
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3.1.3 Petri nets

Petri nets are mainly used to verification purposes. However, they are also useful
in the framework of performance analysis (see for example [3,20]) because they pro-
vide uniform networks modeling. In the same mathematical framework, one can
model synchronization, concurrency, asynchronous parallel superposition, conflicts
and routings, which are the major ingredients for large computer systems analysis.

We are working on a class of Petri nets, called free choice nets. They provide
a rather nice compromise between modeling power and tractability. In particular,
one can show that under very mild assumptions, such nets have virtual regeneration
points, which allows one to use a whole range of stochastic tools to study them.

Proposed Research In addition to these theoretical investigations, we have started
to design perfect simulation techniques for these kinds of models. Those numerical
methods to solve Markov chains are very fast under monotony properties and provide
exact numerical values.

3.1.4 Stochastic ordering

Sometimes, it is more important to find simple criteria to get a handle on complex
systems.

It is often desirable to understand how to get a good behavior (performance, re-
silience, energetic efficiency) rather than being able to compute numerically its perfor-
mance.

Here again the idea is to use a structural framework rather than shooting for ad-hoc
case studies. The main tools here are stochastic ordering that can be used in scheduling
problems and sensitivity analysis which gives a framework for parameter tuning.

The flavor of that kind of techniques can be found in the book [1] that gives a rather
complete picture of the impact of regularity and/or burstiness in networks.

Proposed Research We are still active in that field and we hope to investigate mod-
els going beyond those treated in the book (such as routed systems or moving window
flow control systems, such as TCP networks).

3.2 Performance modelling and analysis

3.2.1 Context

The high complexity of dynamic systems in the area large scale computing makes
them difficult to analyze [23]. Continuous time Markov chains (CTMC) facilitate their
performance and even reliability analysis. The usefulness of Markov models is undis-
puted, as attested by the large number of modeling tools implementing Markov solvers

[3] F. Baccelli, A. Chaintreau, and C. Diot. Impact of pcp-like congestion control on the throughput of
multicast group. IEEE?ACM Transactions on Networking, 10(4), 2002.

[20] J. Mairesse. Stabilité des systèmes à événements discrets stochastiques. Approche algébrique. Thèse, École
Polytechnique, June 1995.

[23] W. J. Stewart. An introduction to numerical solution of Markov chains. Princeton University Press,
New Jersey, 1994.
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[11,24], but their practical applications are limited by the state-space explosion problem,
which puts excessive demands on the memory and execution time when studying
large real-life systems.

CTMC are often used as the underlying concept of a high level formalism inter-
preted by a software package, which generates automatically the state space and the
infinitesimal generator of the underlying CTMC, and computes stationary and tran-
sient solutions. These formalisms allow to generate huge models using compositional
rules. In order to keep memory requirements manageable, Stochastic Automata Net-
works (SAN) were introduced [21]. The SAN formalism allows Markov chains models
to be described in a memory efficient manner due to their storage based on a tensor rep-
resentation and using functional transition rates and probabilities. A somewhat different
approach based on Stochastic Petri Nets allows us to obtain a similar tensor formalism,
as shown by Donatelli [12] as well as for stochastic process algebra[14].

Continuous-time Stochastic Automata Networks [13,21] describe a system as a set of
subsystems that interact. Each subsystem is modeled by a stochastic automaton, and
some rules between the states of each automaton describe the interactions between
subsystems. This formalisms is dedicated to the description of very large Markov
chain and is not intended to be a specification language (which is the case for the
approaches based on Petri Nets and Process Algebra). It should be seen as in inter-
mediate level formalism between the system design formalism (such as UML) and the
Markov chain analysis.

Each automaton is composed of states, called local states, and transitions among
them. Transitions on each automaton are labeled with the list of the events that may
trigger it. An event is triggered after a delay which is exponentially distributed and
the exponentially distributed variables corresponding to each event are independent.
Each event is defined by its name and its rate. When the occurrence of the same event
can lead to different target states, a probability of occurrence is assigned to each pos-
sible transition.

There are basically two ways in which stochastic automata interact. Firstly, the rate
at which an event may occur can be a function of the state of other automata. Such
rates are called functional rates. Rates that are not functional are said to be constant
rates. The probabilities of occurrence can also be functional. Secondly, an event may

[11] G. Chiola, G. Franceschini, R. Gaeta, and M. Ribaudo. Greatspn 1.7 : Graphical Editor And
Analyzer For Timed And Stochastic Petri Nets. Performance Evaluation, 24(1), 1996.

[24] W.J. Stewart. MARCA: Markov chain analyzer, a software package for Markov modelling. In W.J.
Stewart, editor, Numerical Solution of Markov Chains, Marcel Dekker, 1991.

[21] B. Plateau. On the stochastic structure of parallelism and synchronization models for distributed
algorithms. In Proc. ACM Sigmetrics Conference on Measurement and Modelling of Computer Systems,
Austin, Texas, Aug 1985.

[12] S. Donatelli. Superposed Generalized Stochastic Petri nets: definition and efficient solution. In
Valette, R., editor, Lecture Notes in Computer Science; Application and Theory of Petri Nets 1994, Pro-
ceedings 15th International Conference, Zaragoza, Spain, volume 815, pages 258–277. Springer-Verlag,
1994.

[14] J. Hillston. Compositional Markovian Modelling Using a Process Algebra. In W.J. Stewart, editor,
Numerical Solution of Markov Chains., Kluwer, 1995.

[13] P. Fernandes, B. Plateau, and W.J. Stewart. Efficient Descriptor-Vector Multiplications in Stochastic
Automata Networks. JACM, 45(3):381–414, 1998.
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involve more than one automaton: the occurrence of such event triggers transitions in
two or more automata at the same time. Such events are called synchronizing events,
in opposition to events involving only one automaton, called local events. As local
events, synchronizing events may have constant or functional rates and probabilities.

Furthermore, analysis techniques for these formalisms have been proposed. Direct
solution methods, such as Gaussian elimination, cannot be used because the amount
of fill-in that occurs necessitates a prohibitive amount of storage space. Iterative meth-
ods, which can take advantage of sparse storage techniques to hold the infinitesimal
generator, are more appropriate [23,13], even though here also, memory requirements
can become too large for real life models. These methods use as a basic property the
tensor structure of the matrix of the Markov chain. Another direction of research is to
develop simulation techniques to handle very large state spaces.

Despite the progress achieved in the last 15 years, research is still required to im-
prove the basic techniques to make them practically usable. The objective is to be able
to define, analyze and understand from the perspective of performance achievements,
models of size 10100. The necessary reduction of complexity might come from different
sources and we want to explore some directions in the context of this project. Theo-
retical results and algorithms are implemented and tested in a prototype called PEPS
(http://www-id.imag.fr/Logiciels/peps/)

3.2.2 Replication

Many large real systems include a considerable large number of identical (replicated)
components. This replication is a track to reduce the complexity of the system by
aggregating identical components, relying on the theory on aggregation of Markov
chains [16]. Numerous previous studies on lumpability [7,8] have also shown how to
group identical states and these techniques generate the reduced Markov chain di-
rectly from the model specification. Other approaches are based on transition and
state analysis.

Proposed research :
Our goal in to propose sufficient conditions for lumpabilility which can be as gen-

eral as possible but also which can be expressed at the model level. We exclude ap-
proaches which are based on an exhaustive analysis of states, as very large distributed
systems are targeted. These conditions should be handled automatically in order to
generated the lumped Markov chain, to compute efficiently the performance charac-
teristics of the lumped model and of the initial model . The idea is to be able to keep
the advantages of tensor decomposition even through lumpability.

[23] W. J. Stewart. An introduction to numerical solution of Markov chains. Princeton University Press,
New Jersey, 1994.

[13] P. Fernandes, B. Plateau, and W.J. Stewart. Efficient Descriptor-Vector Multiplications in Stochastic
Automata Networks. JACM, 45(3):381–414, 1998.

[16] J.G. Kemeny and J.L. Snell. Finite Markov Chains. Springer New York, Heidelberg, Berlin, 1976.
[7] P. Buchhloz. Hierarchical structuring of Superposed GSPNs. In Proc. 7th Int. Workshop on Petri

Nets and Performance Models PNPM’97, pages 81–90, Saint Malo, France. IEEE CS Press, 1997.
[8] P. Buchholz. An adaptative aggregation-disaggregation algorithm for hierarchical Markovian

models. European Journal of Operational Research, 116:545–564, 1999.
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3.2.3 Bounds

Bounding algorithms have been successfully used in the past. Indeed, it might be
easier to compute a only a bound on a particular set of state (e.g. the state where
the availability is greater than 50 percent) than averages based on the entire proba-
bility distribution. They are particularly appropriate for availability models because
in these models the probability mass is usually concentrated in a small set of states
and the algorithms perform well so long as they do not modify the steady-state bal-
ance equations on this subset. The first algorithm was based on a perturbation of the
steady-state balance equations.

The direction we want to follow is based on the stochastic comparison of sam-
ple paths of Markov chains but unlike the usual approach to sample path arguments,
our approach is purely algebraic and algorithmic and applicable to both transient and
steady-state distributions. The methodology [71] is to develop algorithms that will al-
low us translate the transition probability matrix of an irreducible, aperiodic Markov
chain into a new probability matrix that is a stochastic bound on the original chain
and which, in addition, is exactly lumpable. The solution of this lumped chain, which
is usually very small and whose solution may be trivially computed, provides the
bounds that we seek.

Proposed research : Indeed, one of the major assumptions of bounding algorithms
concerns the ordering of the states. It is assumed that the user is able to define a “good”
ordering of states. The quality of this ordering is related to the reward function which
must be a non decreasing function of state indices. Our research will be concerned
with the possibility of defining automatically, from the definition of the model and
of the reward function an ordering of states which makes the previous bounding ap-
proach efficient.

3.2.4 Tree data structures

The idea here to exploit the convergence of two recent modeling breakthroughs to re-
duce the complexity of the representation of very large models : decision diagrams and
Kronecker operators. Boolean decision diagrams (BDDs) are at the root of the industrial
success enjoyed by model checking [6]. Bryant showed how to efficiently compute any
boolean operation on functions encoded as BDDs. Much work has been done to ex-
tend the applicability and further improve the efficiency of this approach, for example
using multi-valued decision diagrams (MDDs afford memory and time savings by ma-
nipulating large sets 10500(of the order of 10500 ). Decision diagrams are relevant both
because they can be used to generate and store the enormous state spaces underlying
a high-level model with minimal time and memory requirements. On the other hand,
the use of tensor operators allows very compact representation of the Markov chain
transition matrix and operational algorithms. Among the several other groups work-
ing on such tools, we mention those Buchholz and Kemper [9] .

[6] R. E. Bryant. Symbolic Boolean Manipulation with Ordered Binary Decision Diagrams. ACM
Computing Surveys, 24(3):pp. 293–318, September 1992.

[9] P. Buchholz and P. Kemper. Modular state level analysis of distributed systems-techniques and
tools support. In Proc. 5th int. conf. Tools and Algorithms for the construction and Analysis of Systems,
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Proposed research : An important aspect is the development of usable tools, since
only through them can the theory be applied to practical systems. Our goal is to study
how the tensor approach to express the transition matrix of a SAN can be enriched by
the use of data structures and algorithms based on using MDDs. Indeed, enumerating
the entire state space or deciding whether a state is reachable, two fundamental oper-
ations needed in Kronecker-based approaches can benefit from MDDs. The issue is to
show that the functional rates of the SAN can fit into this approach.

3.2.5 Discrete time models

Continuous time scale assumption is traditionally used in performance modeling and
some extensions exists for queuing networks on discrete time scale. SANs can also be
used for modeling systems where discrete time scale assumption can be convenient
or necessary. The difference between the two approaches (continuous-discrete) comes
from the probabilistic Markovian properties in both cases, and discrete time induces
a combinatorial complexity. In the discrete case, the possibility of firing independent
events during the same time slot combined with the synchronizing events and the
functional transitions makes the derivation of the transition matrix a very delicate
tasks. Traditionally, research works here avoided this problem by a random choice
among the concurrent events. Practically, it is often unrealistic and very difficult to
handle these probabilities to obtain a globally coherent model (from the probabilistic
point of view).

Proposed research : We propose to define a semantic for SAN in discrete time.
The objective is to obtain a tensor formulation for the descriptor of SANs in discrete
time, which would permit to describe complex and very large discrete time Markov
chains.

3.2.6 Simulation

In performance evaluation domain, simulation is an alternative when numerical anal-
ysis fail. To avoid the burn-in time problem of the simulation, an adaptation of the
perfect simulation algorithm [22] to finite ergodic Markov chain with arbitrary struc-
ture have been proposed. Simulation algorithms are deduced and provide samplings
of functionals of the steady-state without computing the steady-state, it speeds up
the algorithm by a significant factor. Based on a sparse representation of the Markov
chain, the aliasing technique improves highly the complexity of the simulation. More-
over, with small adaptations, it builds a transition function algorithm that ensures
coupling.

Detecting monotonicity properties in the Markov chain divide execution time by a
significant factor.This is obtained by a doubling scheme on iterations on the maximum

Springer LNCS 1579, 1999.
[22] J.G. Propp and D.B. Wilson. Exact sampling with coupled markov chains and applications to st

atistical mechanics. Random structures and Algorithms, 9:223–252, 1996.
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and minimum states of the chain. For finite capacity queueing networks the simulation
time becomes negligible.

Proposed research : We propose first to analyze the relation between the coupling
time and the algorithmic representation of the Markov chain transitions. This will
lead to heuristics for the construction of the simulation kernel. Secondly, we propose
a to build a general framework for Markovian models based on monotone events.
For example, finite capacity queueing networks including several routing strategies
(rejection, blocking, shortest queue,...).

3.2.7 Dependability analysis

Markov chains have long been used to model availability, performability and depend-
ability of complex networks and computer systems. Our concern is not in the compu-
tation of the stationary or transient distributions per se, but rather in the computation
of measures defined on such distributions. In particular, we shall concern ourselves
only with obtaining a measure of the steady state availability A which is defined as
the summation of elementary reward functions r(i) on the steady-state distribution π
(i.e., R =

∑
i r(i)π(i)).

Proposed research : Assess general availability properties over grids.

3.3 Dynamic infrastructures and volatility

3.3.1 Virtual clusters

In the scientific computing communauty, many applications require a large amount
of computation time. Examples include model parameters estimations from a large
set of data and solving a large-dimensional linear equation. Many laboratories and
organizations are now populated with a high number of PC and workstations sitting
on individuals’ desks. It is observed that the CPU power in a workstation is usually
under-utilized.

The peer-to-peer projects (ExtremWeb, Seti@HOME) mainly define a global man-
agement of computing tasks over a large set of machine. These projects do not offer the
smoothness and easiness of dedicated linux clusters. For example, it is difficult to as-
sociate computation tasks which need to be close in terms of network or data sharing.
On the other side, the grid projects such as Globus aggregate dedicated computing
resources of different administrative domains. The strong security component (GSI)
is one of its main contributions. However, Globus lacks of a model, and its associated
mechanisms, for fault tolerance. It leads to implement a fault tolerance environment
on top of Globus or in the applications.

Proposed Research
We propose an intermediate approach of infrastructure based on virtual clusters.

From the user point of view, virtual clusters are similar to the execution domains
defined in Condor. Execution domains and Virtual clusters ensure that applications
which require a given level of access to a date run on CPU’s which can provide the
needed access. Virtual clusters also assume homogeneous communication bandwidth
for parallel applications. We propose a research based on the dynamic management
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of virtual clusters. We want explore automatic solutions, based on dynamic resource
discovery, in order to integrate a new node to the best virtual cluster.

The nodes disappear when the interactive user comes back and needs its worksta-
tion. Consequently, the virtual cluster has to provide smooth and efficient mechanisms
to save the partial or total context of applications. In the text that follows, several
checkpointing optimizations are detailed.

3.3.2 Checkpointing and virtual clusters

The checkpointing mechanism is fundamental to support application executions on
the volatile resources of a virtual cluster. The state of a running program has to be
saved on a stable storage (Server of virtual cluster).

Obviously, correctness is an important aspect of checkpointing [1]. However, an-
other important aspect is performance and also the performance scalability! There are
many metrics which can be used to measure performance, including checkpoint over-
head, checkpoint latency, recovery time and storage space. Of these, the most impor-
tant is overhead, defined to be the time added to the running time of the application
as a result of checkpointing.

It is desirable to have the overhead of checkpointing be as low as possible. In the
context of virtual clusters, it is also desirable to estimate and predict this overhead to
anticipate some known events.

Proposed Research
Our goal is to model and analyze the behavior of checkpointing systems in order

to predict the overhead. One question concerns the impact of architectural parameters
(input/output and network bandwiths), software parameters (user data, coordination
cost,...). This prediction has to be used by the resource manager which has to initiate
the checkpoint operations.

Checkpointing overhead Informally, if the overhead is too high, a user would rather
risk failure than endure the performance penalties of checkpointing. Formally, if the
failure rate or availibility of the computing system is known, then it is possible to com-
pute the ideal interval of checkpointing for fault tolerance, given the overhead check-
pointing. Using single assumptions, this interval is proportional to the square root of
the overhead [25]. More complicated assumptions and analyses can be used to hone
this calculation, [15] but the fact remains that lowering the overhead of checkpointing
improves the fault-tolerant behavior of the application.

In situations other than volatility and fault-tolerance, the overhead of checkpoint-
ing is also important. For example, in debugging applications, reducing the overhead
allows the granularity of checkpointing to be minimized, thus improving both the
bug-free and tracing performance of the program. In simulation systems, reducing
the overhead of checkpointing allows the system to be more aggressive in attempting
more paralellism out of the application.

[1] Mpich2 homepage. http://www-unix.mcs.anl.gov/mpi/mpich2/.
[25] J.S. Young. A first order approximation to the optimum checkpoint interval. Communications of the

ACM, 17(9):530–531, September 1974.
[15] P. Jalote. Fault Tolerance in Distributed Systems. Prentice-Hall, Inc, 1994.
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Improving performance There are many methods that can be used to improve the
performance of checkpointing systems. The methods revolve around two simple con-
cepts: latency and checkpoint size. Opportunities for latency hiding arise because
often the most time consuming portions of checkpointing. For example, writing a
checkpoint to disk does not require use of the CPU. Thus the CPU can be used to exe-
cute the application program concurrently with the writing of the checkpoint to disk.

The simplest method to reduce the overhead of checkpointing is checkpoint buffer-
ing. This is a simple application of standard buffering to checkpointing systems, and
is a latency hiding optimization. When a processor checkpoints, instead of freezing
the application for the duration of checkpoint, the application is only frozen while a
copy of the checkpoint is created in main memory. Once the copy is completed, the
application may resume while the copy is stored on whichever external device (disk
or network) is desired. Storing the checkpoint makes use of the DMA (Direct Mem-
ory Access) primitives of most computers, and thus involve CPU intervention only
at the beginning and the end. When the checkpoint is commited, the buffer may be
discarded. This work shares our experience with the design of high performance com-
munication library Madeleine [2].

Checkpoint size reduction revolves around that concept that smaller checkpoints
takes less time to store. Therefore, if checkpoints can be smaller, then storing them to
disk or migrating to another node should induce less overhead.

A major inefficiency with checkpoint buffering is that if a region of memory does
not change between the time it is copied to the buffer and the time the buffer is check-
pointed, then the copying was not really necessary. This source of overhead is elimi-
nated by copy-on-write buffering. Copy-on-write makes use of primitives for paged
virtual memory.

Proposed Research
We propose to define a general and generic frawork integrating several methods

for coordination, differents performance optimization methods. This framework will
interact with the resource management components.

3.4 Scheduling and dynamic deployment

On one side, the scheduling of jobs running on most parallel computers is done us-
ing batch scheduler. Theses tools keep list of jobs and schedule them on the parallel
machine one after the other using some simple rules to choose the priority and the
nodes executing the jobs. The rules try to optimize some criterion as makespan or av-
erage completion time, but without theoretical guarantee. Indeed the tools are build
by merging different needs, like reservation, priorities, forced execution, etc. that are
opposed to a global criterion optimization.

On the other side, these clusters are administered with tools used to install and
reinstall operating systems easily on a large set of clusters.

The grid experiments required often particular software stack. At the simplest
level, some libraries may be required. Sometimes these libraries required system ad-

[2] Olivier Aumage, Luc Bougé, Jean-François Méhaut, and Raymond Namyst. Madeleine II: A
portable and efficient communication library for high-performance cluster computing. Parallel
Computing, 28(4):607–626, April 2002.
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ministrator right as network sniffers, event log access or any particular change in sys-
tem settings. A full scale experiment would probably test multiple operating systems
or specific operating systems with patches for tracing specific event or even experi-
mental modules, like advanced network protocols. A user will thus need to submit
with its application its own environment, namely the full stack of software from oper-
ating system to middleware libraries.

Such an approach requires new scheduling techniques in order to ease and take
into account the multiple criterions involved in this dynamic system deployment.
From the scheduler point of view, the main point is to maximize the number of sched-
uled programs and minimizing total overhead of deployment and reboot, two phases
that are time consuming and will stress hardware.

In trun, such experiments require operation system support software from the low
to the medium level. Such tools are developed inside the Mescal team in collaboration
with some MOAIS project members.

1. With collaboration with BULL and Mandrake, the project build solid foundation
in efficient large scale system deployment tools (ka-tools, CLIC). An operating
system install on hundreds of nodes may take few tenth of second if done effi-
ciently. The efficiency is highly function of strategies used to broadcast the in-
formation. Thus any scheduling algorithm in the environment will need to take
into account the varying overhead in the mapping decision.

2. As member of the CIMENT ACI, the project develloped another batch scheduler,
OAR. The goal is to use the most recent software technology like mysql, perl etc.
on top of a parallel launcher, in order to keep the number of lines as small. This
innovative daemonless approach has two goals. The first one is the reliability:
no state are assumed on the machine of the cluster. Every operation on this ma-
chine is done using the parallel launcher and thus implicitly a small checklist is
thus done as system, network and disk must be responsive. The second goal is
to provide a tool for experimentation on new scheduling strategies. Most of the
time, batch scheduler provide a very large API in order to provide basic tools to
scheduler. But the API is limited to standard cases. Some additional functionali-
ties require modification of the tools in multiple points. Such transversal change
can be easily done only on source code with mastered complexity. We developed
and test such strategies for example with a best-effort scheduler execute multi-
parametric tasks that may be stopped at any time when standard applications
need to be run.

Proposed research :
The proposed axe is to merged batch scheduler and automatic deployment tools in

order to be able to efficiently reinstall computer at user request with the provided user
environment. Theoretically, the difficult point are successively to model such problem
then to identify the optimized criteria. A new multi-criteria algorithm will be needed,
and should be tested in the real environment with the full chain.

All the involved decision problems are of course NP-hard in the strong sense in
almost all cases. Nevertheless the proposed heuristics will be well-founded from the
theoretical point of view with proven competitive ratio. The low-cost complexity will
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be also mandatory for relevance into the context of dynamic system deployment and
batch scheduling.

3.5 Complex Collective Communication Scheme Optimization and
Resource Discovery

The choice of the most efficient collective communication scheme is traditionally done
using two main ways: benchmarking and model evaluation. Benchmarking in homo-
geneous environment consist to run for all size of messages and all number of proces-
sors, a set of algorithms and to register, for every message size and processor number,
the best one. Thanks to the symmetries of homogeneous nodes and network, the num-
ber of different cases can be kept low and one the standard algorithms like binomial
tree, flat tree or pipeline will probably be the best solution. In a grid environment, the
network and the nodes are not homogeneous anymore. The number of different cases
is much more important. Even in a light grid environment, every cluster multiplies the
number of cases by the number of nodes of a cluster involved in the communication,
and even local network symmetries may be broken by privileged output connection
for some part of the cluster.

The other approach consist to choose a model, to measure model parameters and
then to compute the best algorithm into simulation. The time and combinatorics is
probably much smaller but still the model is not easy to build. The TCP stack use mul-
tiple optimization sometimes at the opposite of application needs: e.g.. "slow start" bi-
ased bandwidth measurement at the beginning of a connection and "Remo" introduce
delay into the communication in case of single receptor and small messages waiting
for more data to be send in the same data segment.

In addition to build efficient collective communication algorithms in grid environ-
ment, the resource discovery is another point of interest. For example, to measure
accurately the bandwidth between two clusters, the simplest way required to fill the
network with data. Our goal is to develop new techniques taking into account more
finely environment to reduce complexity and increase accuracy.

Proposed research :
The goals at medium term is to be able to build new complex collective communi-

cation scheme with higher stability and complex but more efficient behavior involving
multiple network routing and sharing. The proposed scheme will be validated with
some real size experiments using, e.g., middleware and applications developed into
the Mescal project.

4 Software development

4.1 Validation through simulation and emulation

The simgrid framework enables the simulation of distributed applications in dis-
tributed computing environments for the specific purpose of developing and evalu-
ating scheduling algorithms. This software is the result of a collaboration with Henri
CASANOVA (University of California, San Diego).
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Since the advent of distributed computer systems an active field of research has
been the investigation of scheduling strategies for parallel applications. The common
approach is to employ scheduling heuristics that approximate an optimal schedule.
Unfortunately, it is often impossible to obtain analytical results to compare the effi-
ciency of these heuristics. One possibility is to conducts large numbers of back-to-back
experiments on real platforms. While this is possible on tightly-coupled platforms, it
is infeasible on modern distributed platforms (i.e. Grids, peer-to-peer environments,
. . . ) as it is labor-intensive and does not enable repeatable results. The solution is to
resort to simulations. Simulations not only enables repeatable results but also make it
possible to explore wide ranges of platform and application scenarios.

simgrid implements realistic fluid network models that enable very fast yet pre-
cise simulations. simgrid also enables the simulation of distributed scheduling agents,
which has become critical for current scheduling research in large-scale platforms.

Sources and documentations of simgrid are available at the following address
http://grail.sdsc.edu/projects/{\ttsimgrid}/ .

The Grid Reality And Simulation (gras ) framework allows distributed service in-
frastructure developers to first implement and experiment with distributed heteroge-
neous environment in simulation, benefiting from a controlled and fast environment.
The infrastructure can then be deployed in the real-world without code modification.
This software is the result of a collaboration with Rich WOLSKI (University of Califor-
nia, Santa Barbara).

Grid platforms federate large numbers of resources across several organizations.
While their promises are great, these platforms have proven challenging to use be-
cause of inherent heterogeneity and dynamic characteristics. Therefore, grid applica-
tion developement is possible only if robust distributed services infrastructures, e.g.
for resource and data discovery, resource monitoring or application deployment, are
available. These infrastructures, which can be seen as large-scaled distributed loosely-
coupled applications, are very difficult to design, develop and tune. Another difficulty
posed by Grid platforms is their dynamic characteristics, which prevent reproducible
experiments and makes algorithm comparisons impossible. As a result, developer
typically spend inordinate amount of time and energy to establish stable develop-
ment and evaluation environments. A solution to alleviate these problems is to use
simulation. However, the resulting implementations are typically confined to simple
proof-of-concept prototypes, necessiting a complete rewrite for use in the real-world.

The gras framework emphasizes simplicity, portability, and scalability. The first
two poings are addressed thanks to the modern compilation configuration tools like
autotool and automake, a plain C ANSI implementation and the lack of any uncom-
mon dependency on other tools or libraries. Unlike other grid emulation project like
MicroGrid gras relies on very simple and fast models, along with trace-based simu-
lation, through the use of the simgrid kernel. This approach enables to have much
better acceleration factors, hence a better scalability.

The current prototype is freely available at the following address http://graal.
ens-lyon.fr/~mquinson/gras.html and is used by the NWS project (network
monitoring and forecasting) as a replacement for its former communication library.
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4.2 Ka-Tools: tools to operate clusters

Ka-Tools is a set of tools designed to help the installation and the use of a cluster of
PC. The first version had been developped for the icluster1 platform exploitation. The
main tools are a scalable tool for clonning nodes (kadeploy) and a parallel launcher
based on Taktuk project. A second generation of these tools are under developpement
to provide the requirements to meet the research proposals. Among addressed issues
we can cite : environement deployment, robustness and batch scheduler integration.

The first prototype of new kadeploy had been proposed as primary deployment
tools for experimental national grid GRID’5000.

Tools are available at the following address http://ka-tools.imag.fr .

4.3 OAR: simple and scalable batch scheduler for clusters and grids

Most of known batch scheduler (PBS, LSF, Condor, ...) are of old-fashioned conception,
built monolithically, with the purpose of fulfilling most of the exploitation needs. This
results in systems of high software complexity (150000 lines of code for OpenPBS),
offering a growing number of functions that are, most of the time, not used. In such a
context, it becomes hard to control both the robustness and the scalability of the whole
system.

OAR is an attempt to address these issues. Firstly, OAR is written in a very high
level language (Perl) and makes intensive use of high level tools (MySql and Taktuk
a project software), thereby resulting in a concise code (around 5000 lines of code)
easy to maintain and extend. This small code as well as the choice of widespread tools
(MySql) are essential elements that ensure a strong robustness of the system. Secondly,
OAR makes use of Sql requests to perform most of its job management tasks thereby
getting advantage of the strong scalability of most database management tools. Such
scalability is further improved in OAR by making use of Taktuk to manage nodes
themselves.

Current development in OAR focuses on its extension to Grids and advanced schedul-
ing techniques. The extension of OAR to Grids has already started by making it sup-
port best effort jobs. The integration of advanced scheduling techniques is in progress
and aims at adding both state of the art batch scheduling algorithms and new task
models to the system.

The site dedicated to this project is located at http://oar.imag.fr .

4.4 Storage and processing of large data sets

In order to use large data, it is necessary (but not always sufficient, as seen later) to
store and transfer them to a given site ( a set of nodes ) where it is going to be used.
The first step to do this is the construction of a file system which is an extension of NFS
for the grid environment. The second step is an efficient transfer tool that provides
throughputs close to optimal (i.e. the capacity of the underlying hardware).
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4.4.1 Distributed storage over a cluster

Performances NFSP is a distributed file system for clusters that enables one to store
data over a set of nodes (instead of a single one). It was designed to permit the usage
of a set of disks to optimze memory allocations. It is important for performance and
simplicity that this new file system has little overhead for acces and updates [17,18,19].
From a user point of view, it is used just as a classical NFS. From the server point of
view, however, the storage is distributed over several nodes (possibly including the
users).

The mounting point is only in charge of the metadata, name, owner, access per-
missions, size, inodes etc., of the files while their content is stored on separate nodes.
Every read or write request is received by the metaserver, the mounting point, which
sends them to the relevant storage nodes, called IOD for Input/Output Daemon which
will serve the request and send the result to the client.

Two implementations were done, one at user level one at kernel level. Perfor-
mances are good for read operations, for example 150MBs/sec for 16 IODs connected
through a 100Mb/s for 16 clients. For write operations performances are limited by
the bandwidth available for the metaserver which is a significant bottleneck.

Reliability Storage distribution on a large set of disks rises the reliability problem:
more disks mean higher fault rate. To address this problem we introduced in NFSP a
redundancy on the IODs, the storage nodes by defining VIOD, Virtual IOD, which is
a set of IOD that contain exactly the same data. So when an IOD fails another one can
serve the same data and continuity of service is though insured. This doesn’t modify
how the filesystem is used by the clients distribution and replication remain transpar-
ent. Several consistentcy protocols are proposed with various levels of performance,
they all enforce at least the NFS consistentcy which is expected by the client.

4.4.2 Efficient transfer on girds

To efficiently transfer files across a grid a “beowulf-like” solution consists in creating
a set of point-to-point communications to parallelize transfer of a file or a set of files.
This approach was chosen, for instance, in gridftp. It implies duplicating the data to
transfer or distribute them on separate nodes before the transfer begins. We use the
distributed storage property of NFSP to be able to do parallel transfer transparently.
However, since a grid is heterogeneous from an hardware and software point of view,
we decided to build our solution in a generic way, it can be used by any kind of data
server: SAN, local file systems, NFS or NFSP. The component in charge of transfer

[17] Pierre Lombard and Yves Denneulin. nfsp : A Distributed NFS Server for Cluster of Workstations.
In Proceedings of the 16th International Parallel and Distributed Processing Symposium (IPDPS 2002),
2002.

[18] Pierre Lombard and Yves Denneulin. Serveur NFS distribué pour grappe de PCs. In Actes de
RenPar’14/ASF/SympA’8, Hammamet, Tunisie, 2002.

[19] Pierre Lombard, Yves Denneulin, Olivier Valentin, and Adrien Lebre. Improving the Performances
of a Distributed NFS Implementation. In To appear in the Proceedings of the Fifth International Con-
ference on Parallel Processing and Applied Mathematics (PPAM 2003), Lecture Notes in Computer Sci-
ence. Springer-Verlag, 2003.
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across the grid is called Gxfer, for Grid Transfert, its goal is to copy files between
sites. A copy is done in a parallel way if both sender and receiver can handle it, have
distributed storage capability. Gxfer can be used as an external program, it will then
behave like the classic scp command or can be used as a library inside an application.

Gxfer performances are good, with a 1gbytes file transfered in less than 10 seconds,
9.6s, between sites in Grenoble and Lyon connected with a 1gbits/s link, with NFSP
servers on both sides. Further experiments exhibited good scaling properties.

Our ultimate goal is to propose an advanced data handling framework for large
scale architectures. The main axes of our early works are: improve data storage on
clusters by finding a better sharing of the data on the storage nodes, provide a quality
of service on demand for large scale data transfer to have a usable storage system for
grids aimed at scientific computation. In a second stage we plan to use a data storage
model different from the file system one, one more suited both from an indexing and
research data point of view.

The main limitation in existing storage systems lies in the huge gap that exists be-
tween the storage unit, usually the file, and the grain of applications, usually objects
in the traditional object oriented sense. This gap leads users to design their own meth-
ods to index large amount of data in a structured or semi-structured way. An obvious
solution is to use databases but none can handle large amount of data stored in a large
distributed manner. Our plan is to develop an infrastructure that would allow users
to define what they want to use as metadata for indexing and research. When the
wanted data will be found, Gxfer will be used to transfer them. Local cached copies
will be available to avoid performances loss. The concurrency model will be the NFS
one, same than UNIX with loose temporal coherency. This work is done in coopera-
tion with the LSR laboratory from Grenoble which has a long experience in building
DBMS from base components.

5 Positioning

Grid computing has become a much studied subject in the last five years. Many teams
all over the world have started theoretical as well as experimental studies over the
grid, as mentioned in the following. However, we do believe that Mescal has an orig-
inal approach, which is barely followed anywhere else. First, we want to use the grid
as a cluster of cluster. We allow our software to take over the control and configure
the whole system according its needs. Second, we base our software design on math-
ematical analysis of stochastic and deterministic models.

5.1 Grid computing in INRIA

Within the GRID 5000 consortium, The members of Mescal share their research efforts
and develop complementary tools together with Oasis, Grand Large, Paris, Runtime,
Reso and Graal. Let us detail the specific approach of each of them.

Paris (INRIA Rennes) Mescal and Paris have complementary views of the grid.
While the approach of Paris is component oriented to provide supports for object lan-
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guages and memory sharing, we rather try to distribute computing resources. The
Paris project also uses peer to peer techniques for data distribution while our approach
is more active (deploy our system over the machines to be able to use them as hand).

Runtime (INRIA Futurs) The Runtime project ’s goal is to define a runtime on which
will be built environments for applications. Their main topic is designing an efficient
runtime to combine communication handling, threads scheduling and I/O events
monitoring in a portable and efficient way. They aim at designing a runtime that will
be at a lower conceptual level than the services and tools of the MESCAL project. For
example, their solutions could be used to improve our performances.

Regal (INRIA Futurs) The Regal project is about exploiting large distributed sys-
tems belonging to the peer-to-peer category with a focus on large scale data manage-
ment, system monitoring and failure detection, adaptive replication. It also wants to
provide a dynamic adaptation of the runtime to the characteristics of the architecture
and so study the problem of the configuration at the runtime of the low layers of the
supports.

The architecture and the applications targeted by the Regal project is quite different
than the ones the Mescal project wants to address; this a major difference because the
capabilities strongly guide the kind of investigations in both teams.

Grand Large (INRIA Futurs) Grand Large works on Grid middleware (XtremWeb
is a typical example). Therefore they are rather close to us. They use peer to peer ap-
proaches for obtaining large computation powers over heterogeneous systems and do
not use the cluster of cluster approach of the grid. They are also very active in fault tol-
erance for middleware execution supports. They not not focus on performance issues
as much as we do, nor do they use modeling techniques to drive scalable middleware
design.

GRAAL INRIA Rhône-Alpes This project has two components. One deals with
scheduling and implementation issues of complex problems over distributed systems.
The techniques used by this part of Graal are closer to Moais tools. The second part of
Graal is devoted to Web services over the grid. This is a client-server apprach of the
grid, which is complementary of our cluster approach.

Although, one may find some common objectives (Arnaud Legrand is a former
member of Graal), there are very important differences between the two projects. In
particular, GRAAL does not address performance evaluation and stochastic modeling
issues for very large networks.

RESO INRIA Rhône-Alpes The objective of RESO is to study and develop original
and new transport solutions for the needs of grid computing applications. These so-
lutions should be applicable to large scale, high speed and heterogeneous networks.
This is one level below the middleware problems that Mescal is addressing, for shared
file systems as well as for distributed computing.
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Sardes (INRIA Rhône-Alpes) We have special relations with two local INRIA projects,
through collaborations and people transfers. The Sardes project’s goal is to investigate
the construction of distributed software infrastructures (operating system and middle-
ware) to support global computing seen as processors in every components of every-
day life connected through diverse array of networks from ad-hoc to large bandwidth.
Research in the Sardes project is organized around 2 main themes. The first one (Re-
flective component technology) develops new software technology used by the second
theme (autonomous distributed systems management).

Sardes and Mescal work in tight collaboration to administrate the local cluster.
Mescal has also participated to ObjectWeb (Pajé). Finally, while both the Sardes and
Mescal projects address the same topic ( large infrastructure), the goals are different:
the Sardes project aims at using generic architecture for any kind of applications, the
Mescal project addresses grids, seen as clusters of clusters, and target primarily scien-
tific computing and high efficiency. More, the topic of of new software component-
based technology is not a part of Mescal’s research objectives.

Moais (INRIA Rhône-Alpes) Our collaborations with Moais are even more special
since both teams where part of the former Apache project. The collaborations between
the two project are extensive, on a daily basis, especially on scheduling and parallel
algorithm issues. Our software tools use common building bricks (such as Taktuk). We
also use the local clusters together. The main differences are on the application level
and on the theoretical foundations of our studies (probability and dynamic systems
on our side, discrete scheduling and parallel algorithm on Moais’side).

5.2 Performance Evaluation in INRIA

Several teams are working on modeling and performance evaluation of distributed
systems in INRIA. Most teams are composed of applied probability specialists and do
not focus on a specific applications, such as large scale almost homogeneous systems.

Trec (INRIA Paris), Maestro (INRIA Sophia), RAP (INRIA Rocquencourt) These
three project have common research objectives. Trec research is focused on model-
ing and analysis of telecommunication networks (as such TCP-IP networks or wire-
less systems). Maestro works on the control, the optimization and the evaluation
of telecommunication protocols. RAP investigates issues related with the algorithms
used in IP networks.

These projects have oriented their research to network models rather than on dis-
tributed computers, although some approaches such as (max,plus) models or Markov
processes can be applied in both cases.

Armor (INRIA Rennes) Armor members are also concerned with effective compu-
tations for large networks, although they do not focus on distributed systems sucha
s grids, as we do. Their research objectives also concern fluid models, pricing issues,
and routing protocols which are complementary (and somehow orthogonal) with our
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investigations. They mainly work on models of the low level architectures (communi-
cation layers) , rather than on the middleware layer.

5.3 Distributed Systems

Mescal’s research domains also have tight relations with other INRIA teams working
in distributed systems, such as Scalaplix and Algorille. Most of them work on parallel
and distributed algorithms. Their vision of the grid is more abstract than ours and
mainly they are not concerned with middleware development, but can be seen as users
of the kind of tools desgined by Mescal.

5.4 International Groups

Rather than enumerate the numerous international groups working on grid comput-
ing, we will describe and position the large research federations or consortiums.

Globus Globus is a research project involving Argone University, Chicago univer-
sity, University of Edimburg, Illinois State University and University of South Califor-
nia (http://www.globus.org/ ).
Globus was created ten years ago. The original goal was to provide meta-computing
capacities (transparent inter-connection of super-computers). Since 2000, the aim of
globus has evolved towards a greater flexibility. The goal is now to provide a huge
computing power, anytime, all over the world. This is based on tools able to get ser-
vice (or a composition of several services) on available heterogeneous cooperating re-
sources.

Our approach of grid computing is quite orthogonal. We want to use the grid as a
cluster of cluster over which we have a rather complete control on the configuration
and the operating system. This approach has advantages: simplicity and efficiency
and drawbacks: it requires the complete access to the machines. Indeed, this is one
way to guarantee a quality of service to the grid users, while Globus solutions discard
this kind of solutions by nature.

In some instances, some software developed in our team can be used to deploy
and run components from Globus. In that sense, our work can seen laying under most
Globus tools.

Data grid and E-science, Core-grid, gridcoord Data Grid and e-science are Euro-
pean projects whose objectives are to customize several aspects of Globus. Core-grid
is an European initiative whose objective is the coordination amongst funding bodies,
policy makers and leaders of Grid investigations
(http://www.gridcoord.org/grid/portal )
Core-grid is the European Research Network on Foundations, Software Infrastruc-
tures and Applications for large scale distributed, GRID and Peer-to-Peer Technologies
(http://www.coregrid.net/ ). Mescal participates in this project.
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Open-MPI Open MPI is a research group focusing on Open Source High Perfor-
mance Computing
(http://www.open-mpi.org/ ).
This research project involves the University of Tennessee, Los Alamos National Lab,
University of Stuttgart and Indiana University. The objective of open-MPI are rather
complementary of Mescal’s. In particular, our deployment tools have been proposed
as execution support for open MPI.

Condor The Condor project
(http://www.cs.wisc.edu/condor/ )
constructs a software environment for using idle periods over distributed machines.
It is a direct competitor of our own tool (OAR). Although Condor is more complete
in some aspects, it uses a rather different scheduling policy and does not include the
deployment aspects of OAR.

Experimental grids, emulation and simulation On the experimental side, we have
strong common interests with USD in San Diego for simulations of grid. Planet Lab
(http://www.planet-lab.org/ )
is an American counterpart of Grid 5000 involving hundreds of institution over the
world to build a huge grid. EmulLab
(http://www.emulab.net/ ), or NetBed is a counterpart of Grid Explorer (to which
we belong) , sponsored by the NSF.

6 Collaborations

Collaboration INRIA-HP Gelato Consortium: INRIA joined the Gelato Federation
in February 2003 and the Mescal project has a leadership position for this consortium
within INRIA. Co-founded by HP and seven of the world leading research institutions,
Gelato is an open source community initiative designed to foster the development and
dissemination of focused computing solutions for researchers and associated IT staffs
working on Linux-based Intel¨ Itanium¨ 2 platforms.

Collaboration INRIA-BULL : action Dyade LIPS, 00-03, 03-06 In the context of a
global partnership between BULL and INRIA, BULL and the Mescal project collabo-
rate to develop clustering software solutions aimed at very large computing infrastruc-
tures. These clusters feature a complete software environment including management
tools, efficient storage solutions and resource management. The partnership promotes
the cluster architectures based on the Intel Itanium 2 processor which has established
new records for floating point processing. This processor provides the 64-bit wide
addressing scheme needed by large data sets of scientific applications and has up 6
MB of on-chip cache to give the processor superfast access to data. BULL has de-
veloped FAME (Flexible Architecture for Multiple Environment) by using standard
component assemblies as the building block of larger systems. The output of the past
collaborations are 3 Phds and software on which are based our current research : the
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deployment of parallel applications on large clusters with the tool Taktuk reused in
Ka-Tools (included and used by the Clic Mandrake Cluster Linux distribution), OAR
(Job manager) and Inuktitut (Communication layer of the environment Athapascan).

Current collaborations involve the 3 following Phds: Adrien Lebre is also funded
by a BULL grant since April 2003. The scientific area he will work on consists in a
study of Input/Output characteristics from HPC Applications and existing Parallel
I/O Solutions. Currently, Adrien Lebre is studying the different behaviors of such
systems, with a particular interest in the parameters ruling these from a hardware,
middleware and application point of view. The next steps will tackle the issues related
to MPI/IO. Estelle Gabarron and Maxime Martinasso are funded since january 2004.

RNTL project CLIC, 02-04 The Mescal project collaborates with MandrakeSoft and
Bull to build a Linux distribution for cluster. Mescal contributes to the tools for ex-
ploitation (deployment, parallel commands, parallel file system) as well as with the
parallel programming environment Athapascan. This project provided funding for 48
months of expert engineer as well as equipment.

RNTL project E-Toile, 02-04 The Mescal project is, among other labs and the CS, Sun,
EDF and CEA companies, part of the RNTL ETOILE project whose goal is to a build
a production grid testbed based on clusters and to use it on significant applications.
The Mescal project has two years of funding for an engineer and also funds to buy
hardware and to travel. The GXfer product, to transfer efficiently files across a grid,
was developed for this project.

RNRT project SIDRAH, 02-04 The RNTL project SIDRAH associates the Mescal
project, HP and France Telecom. The goal is to study a research infrastructure for
ubiquitous computing where communicating objects have to share information. The
development will be based on an extension of existing software. The funding provides
equipment and travelling and 15 months of engineer.

RNTL project IGGI, 04-05 The IGGI project aims to provide a computing framework
over the BRGM network (around 2000 workstations). The main idea is to aggregate
idle workstations for cluster and grid applications. The computing infrastructure will
be structurated in several "virtual clusters". In the context of this project, the resource
manager OAR will be extended and integrated in the Mandrakesoft Linux distribu-
tion.

National academic initiatives

• Sure Path, 03-04, ACI SECURITY: Partners (INRIA-Apache, IRISA-Armor, PRISM-
Epri). In the area of distributed systems and networking, the objective of the
project is to apply an expertise in mathematical tools, techniques, algorithms
and software packages for performance, reliability or dependability studies.

31



• BQR on Data management on grids: Partners (INRIA-APACHE, LSR-IMAG).
The objective of the project is to define a level of metadata to be able to work in
a "black box" paradigm (Mescal, 04-05, BQR INPG).

• In 2004, the Mescal project is participating in the following AS-CNRS:

– Random models and performance evaluation of distributed systems. Leader:
Laurent Truffet.

– Programming model for grid computing. Leader: Raymond Namyst.

– Study the infrastructure for a national research grid. Leader: Franck Cap-
pello.

– Distributed algorithms and their applications. Leader: Carole Delporte-
Gallet and Hughes Fauconnier.

International initiatives

• CoreGrid: The project Mescal participates in the Network Of Excellence Core-
Grid.

• Collaboration with "Univeritad Autonoma Metropolitana Mexico" (UAM) with
Pr. E. Perez-Cortes on tracing and monitoring component based distributed ap-
plications. Participation to the LAFMI and joint project with LANIA (Pr. V.
German-Sanchez) on infrastructures of middleware. Collaboration with Pr. A.
Tchernykh at CICESE (Ensenada) on performance evaluation of clusters.

• NSF Project with W. Stewart (NC State University), G. Ciardo (College William
and Mary), S. Donatelli (U. de Turin), 2002-2006. The purpose of the project is
to study structured methods for Markov chains in order to evaluate the perfor-
mances of distributed systems.

• PAI Van Gogh with A. Hordijk (Leiden University).

• PAI Germaine de Stael avec Jean-Yves Le Boudec (EPFL).

• CNPq-INRIA PAGE II (2001-2004) project with the universities of Rio Grande
do Sul, Brazil (UFRGS, UFSM, PUC, UNISINOS), around PC cluster and perfor-
mance evaluation tools.

The ICluster1 and ICluster2 Platforms The Mescal project is involved in the man-
agement of a cluster computing center on the Grenoble campus. The center owns
different architectures: a 225 processors PC cluster (ICluster-1), a 48 bi-processors PC
(ID-POT), and a 108 bi-processors Itanium2 (ICluster-2) located at INRIA.

More than 60 research projects in France have used the architectures, especially the
225 processors Icluster-1. Half of them have run typical numerical applications on this
machine, the remainder has worked on middleware and new technology for cluster
and grid computing.
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GRID 5000 The Mescal project is involved in the GRID 5000 project. It received 250
KE in 2004 for equipment (network and processors). This project involves 7 centers
(Orsay, Lille, Lyon, Nice, Toulouse, Rennes and Grenoble) and is dedicated to build-
ing a grid of a few thousands processors (the objective is 5000), in order to experiment
middleware and applications. As example of involvement Mescal group provides
tools to operate (resource management and deployment operation) some clusters of
GRID 5000 plateform.

Startup creation: ICATIS P. Augerat has prepared in 2003 the launching of a start-
up ICATIS in january 2004. ICATIS has obtained funds from Rhône-Alpes Region and
CNRS. ICATIS will sell a software to install and manage large dynamic clusters. Y.
Denneulin will do expertise work within this company.
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