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Abstract

The eNANOS is an execution framework developed in the BanzelSupercomputing Center. One of its main
objectives is to provide a framework to execute multileaigtiel applications with low-level support. It is also abl
to provide information about the execution behavior of agtions in run time. This information can be used by a
Grid Resource Broker or metascheduler to improve its sdivepland resource strategies and the execution platform
can improve the execution time of applications and resousege as well. In this paper we discus the steps that we
have to follow to integrate the eNANOS execution environtrieto the GRMS infrastructure, developed by PSNC.
In particular we are interested in the mechanisms to all@ntegration of the different components and how to use
the information provided by eNANOS to improve the schedybtrategies in the GRMS system.

1 Introduction

The eNANOS is an execution framework developed in the BangeBupercomputing Center. One of its main ob-
jectives is to provide a framework to execute multilevelgiet applications with low-level support. Furthermore th
eNANOS architecture is based on the idea of coordinatiowdsen the different layers [9]. Currently the eNANOS
Execution platforms uses the eNANOS Grid Resource Brokewf8ch manages the jobs from the Grid layers in
coordination with the local resource environments.

The eNANOS System is also able to provide information abmieixecution behavior of applications in run time,
such as its progress or the obtained performance in a givememi This information can be used by a Grid Resource
Broker or metascheduler to improve its scheduling and mesoatrategies and the execution platform can improve the
execution time of applications and resource usage as well.

The main effort of the PSNC in the Grid resource managemeheissRMS resource broker [2]. GRMS is an
open source meta-scheduling system for large scale ditgdbcomputing infrastructures. Based on the dynamic
resource selection, mapping and advanced grid schedulitigadologies, it has been tailored to deal with resource
management challenges in Grid environments, e.g. loaahbilg among clusters, setting up execution environments
before and after job execution, remote job submission antdabfiles staging, workflow management and more.

This research work is carried out under the FP6 Network ofliecce CoreGRID funded by the European Commission (Conitgl-2002-
004265).



In this paper we discus the steps that we have to follow tgymate the eNANOS execution environment into
the GRMS infrastructure. In particular we are interestetheamechanisms to allow the integration of the different
components and how to use the information provided by eNANCO® prove the scheduling strategies in the GRMS
system.

In section 2 we present the eNANOS approach and its main cfegistics and in section 3 we introduce the GRMS
system. In section 4 we study the possibilities of integrabetween the eNANOS and GRMS systems, and, finally,
in section 5 we present the conclusions and future lines okwo

2 eNANOS Execution Environment

The eNANOS project aims at developing an execution platftonparallel applications on Grids. The objective
of this platform is to provide support to implement and eaéduresource management and scheduling policies on a
computational Grid. The eNANOS project is based on the iddwmweing a good low level support for performing a
good high level scheduling taking into account these idadime grain control between scheduling levels, dynamic
allocation (MP1+OpenMP jobs) to improve system performegrdetailed information about current scheduling and
performance to improve future scheduling decisions, aaget) on this accurate information, efficient scheduling (in
terms of slowdown) based on performance prediction.

The scheduling strategies are based in the coordinatioveketthe different layers involved in the execution of
a job: Grid scheduling, cluster scheduling and procesdoediding. The scheduling decisions are known by the
other elements in the system and are taken based on direciiation, not based neither on estimations nor just
observations.

The idea is providing well defined API between levels to battting scheduling decisions (for instance specific
allocations) and getting detailed information (for ingtarthe real performance reached by a job in run time). A gen-
eral overview of the system architecture is shown in Figure 1
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Figure 1: eNANOS Overall Architecture
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The Grid jobs are managed by the eNANOS Resource Broker dndigad to the local HPC resources through
the Globus infrastructure. The eNANOS Resource Brokerveld@ed on top of Globus Toolkit 3 as a Grid service
and it is compatible with both GT2 and GT3 services. It impdens the resource discovery, selection and monitoring,
the job submission, and the job monitoring. Moreover, thARNS Broker provides a set of Grid Service interfaces
and a Java API that can be used from command-line clientdicappns or portals. The eNANOS broker has been
extended to provide more functionality and supporting J3) with a gateway implemented as a GT3 Grid service
as well. More detailed information about this broker candaed in [8].

For the cluster management eNANOS uses LoadLeveler as anguststem and the eNANOS Scheduler as an
external scheduler to manage the local jobs. It implemestieduling policies based on FCFS and backfilling (in
progress) guided by the information regarding the behafiapplications and performance obtained in runtime from
the processor scheduler. So, the scheduler centralizésftrenation from the runtime about the allowed multipro-
gramming level of multiple computational nodes and alsoesorformation regarding the applications and hardware
(e.g. load of nodes or CPUs used by each job). It also comratesavith the eNANOS Broker in order to provide
information to the upper level.

The CPU scheduling is performed by the NANOS-RM. Its mainl g0 efficiently distribute a set of processors
between a set of applications that are under its contrahptéments scheduling policies based on dynamic allocation
in a two-phase fashion (multilevel). The first phase is betwapplications and implements a FIFO policy, and the
second phase is between processes of a MPI+OpenMP appliatd implements Equipartition [7] and Dynamic
Processor Balancing [3]. The idea is sharing the requirkairimation for improving the whole system performance
without penalizing the applications performance inde erlg.

The NANOS Job Monitor provides the monitoring informatidroat the execution of workloads in XML that can
be translated to trace files format to visualize and analyemt[1].

The information system (Palantir) can be seen as a metaniafiion system that can collect a very large kind
of different information, providing a uniform access to fhe Predictor service provides predictions about the job
performance that can be used by both the eNANOS SchedulghareNANOS Broker. It implements two kinds of
prediction techniques: those that are based on statistifaioaches that use estimators; and those that are based on
data mining algorithms. Both information and predictorteyss are not integrated yet but their services are available

3 Grid Resource Management System (GRMYS)

GRMS is an open source meta-scheduling system for large sitstributed computing infrastructures. Based on
the dynamic resource selection, mapping and advanced giteblsling methodologies, it has been tailored to deal
with resource management challenges in Grid environmergs|oad-balancing among clusters, setting up execution
environments before and after job execution, remote jolmisgion and control, files staging, and more. For our
tests we have used version 2.x of GRMS, which is based on thea&d makes use of low-level Globus Services
deployed on resources located in various academic inetigitn Europe and USA. GRMS connects to the core
services through a set of Java and C APIs. In particular, GRMS GRAM, GridFTP and GRIS/GIIS services. As a
persistent service, GRMS provides a set of well-defined &falbled Web Service interfaces for various clients, e.g.
applications, command-line clients or portals. Moreo@&RMS is able to take advantage of middleware services, e.g.
the GridLab Authorization Service or Replica Managememviges as well as to interoperate with the infrastructure
monitoring tools such as the Mercury Monitoring System. refere GRMS is in fact one of the main components
of a grid middleware layer that can be organized in many difieways depending on particular infrastructure and
applications. The architecture of GRMS together with a $é@santernal modules, namely Job Queue, Job Registry,
Job Manager, Resource Discovery and a central unit calledBiModule is presented in Figure 2. The aim of the
Broker Module is to control the whole process of resourcejabhdnanagement. The broker was designed in such a
way that it allows us to implement various scheduling andcygdlug-ins. One of plug-ins, called Reschedule plug-in,
is responsible for jobs migration and rescheduling withRMES. Worth mentioning is also the Resource Discovery
Module, that monitors a status of distributed resourcassés a flexible hierarchical access to both central (Gl18) an
local information services (GRIS).

GRMS uses the multicriteria decision support methods foedaling. Based on user preferences it evaluates and
selects convenient resources. The multicriteria tectesqised in Grid resource management were described indetail
in [4]. Examples of use of this model for specific Grid res@umtanagement problems were presented in [5][6].
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Figure 2: General GRMS architecture

4 Integration Issues

To start with the integration of the eNANOS execution emriment with the GRMS system we need to identify the
common features and what are the functionalities provigeeNPANOS that can be useful for the GRMS.

Currently, in the complete infrastructure of the eNANOS &x&n Framework the Grid resource management
is performed by the eNANOS Resource Broker. The idea was pdeiment a customized environment to execute
efficiently multilevel parallel applications, but one ottdesirable features for one of this kind of systems is toigdeov
generic interfaces. Therefore, the local execution systemmld be able to be integrated to other Grid Resource Bsoker
or metaschedulers such as GRMS.

Since the eNANOS system supports both traditional jobs aalilevel parallel jobs, the resources supporting
eNANOS can be seen as a normal resource or as a specific cabederjobs that require support from the local
environment. The idea of integrating this execution enwinent into a Grid is to improve the behavior of the Grid in
general, taking advantage of the complementary functibesprovided by eNANOS. The improvement is though in
terms of improving the execution time of applications arelbsource usage.

On the other hand, one of the important capabilities of thANMES System is the coordination between the
different layers involved in a job execution and, in patécuthe detailed information that is able to provide to the
Grid level regarding the behavior of the applications in timnme. The eNANOS offers some libraries and tools to
obtain detailed information in run time about the progrdste applications and the performance as well.

As a Grid Resource Broker, GRMS performs the schedulinglif and the resource management following some
particular strategies. Hence, the GRMS system can cortsidénformation offered by eNANOS regarding progress,
performance and fine-grain monitoring to improve the schirdstrategies implemented into the scheduling engine
of the GRMS.

Therefore, we have identified two different possible ingtigin issues: using eNANOS as a new execution plat-
form, and using eNANOS as a new information provider.

41 eNANOSasa new execution framework

Even though GRMS has been designed as an independent setjpdents for resource management processes, the
core services used by GRMS are included into the Globusdmfreture. As the eNANOS system is based on Globus,
the integration of both components should be possible witbbanging the interface to the local resources.

CoreGRID TR-0079 4



Inthe eNANOS Execution Framework Globus is used as a midatieand a customized LoadLeveler jobmanager
in local resources. Since the GRMS expects to find a Globaseébeesource with a particular jobmanager for the
gueuing or fork system, the resources with eNANOS systertalied should be presented as a new resource for
the scheduling process. But we have to take into accourdingparticularities of the eNANOS-enabled systems,
performing a special treatment for this kind of resources.

Since the main approach of the eNANOS system is the low leygbart for multilevel applications, the GRMS
system can perform a special use of the eNANOS resourcesaurticydar the most important consideration regarding
this issue is the specification of parallel jobs.

The eNANOS system supports JSDL 1.0 for the specificationlzs.jMoreover, in the eNANOS context is being
implemented an extension of the JSDL 1.0 for multilevel par@bs [10]. In Figure 3 it is shown the XML schema
of this extension for the JSDL.
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Figure 3: JSDL 1.0 extension for parallel jobs schema

The most important attributes for the local execution esvinent are:

e Application type. It is an enumeration type specifying tlivedkof application regarding its programming model
(MPI, OpenMP, etc.).

Number of MPI processes. It is just a positive integer value.

e Number of OpenMP threads. It is just a positive integer value

Malleability. It is a boolean that indicates if the applicatis malleable or not.

Topology. It is an enumeration type specifying the topolofiyhe application. This value can be taken into
account by the LRMS to decide the number of processes ordtrtiat will be spawned for the application
(specific, power of 2, etc.).

GRMS uses its own job description language (GJD). It is a Xblised language, which allows specifying a
description of the job executable and also the job reso@ggirements. There are available several parameters in the
GRMS Job Description, including the location of files, argunts, file arguments, executable, environment variables,
standard input/output/error, checkpointing definitioane of hosts for the job execution, operating system, reduir
LRMS, network parameters, system paths, minimum memonyired| and so on. Regarding the specification of the
parallelism details of the applications, the GJD allowscifgang the type of the application with theezecutableg,
tag and the number of required processors withthgucount¢, tag. It only allows the threads and MPI programming
models for parallel applications. Theezecutable¢, tag contains 'count’ and 'type’ attributes that denotesthmber
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of executions of the executable and the way the job-manadpniss a job respectively. For the 'type’ attribute the
following values are available: single (only 1 process aedd will be started), multiple (start count processes or
threads), mpi (use the appropriate method to start the jofpded with a vendor-provided MPI library, the job is
started with count nodes).

The description of a Grid job with the GJD is shown bellow. slitai MPI job with 4 processes, and it gets the
configuration for submitting a NAS-BT from an input file.

1 <grmsjob appidZappid”>

2 <simplejoh>

3 <executable typeXmpi” countZ4" >

4 <file name=exec—file” type=in">

5 <url>file: ////home/bench/nasmz/exec-bt</url>
6 </ file>

7 <arguments

8 <value>file .log</value>

9 <file nameZfile .conf” type=in" >

10 <url>gsiftp://pcmas.ac.upc.edu/"/ex/file.coafurl>
11 </ file>

12 </arguments

13 </ executable

14 </simplejol>
15 </grmsjob>

There are some attributes required by eNANOS not suppostéldebGRMS job description language. Thus, it is
required to extend the specification of details about palisifh for applications in GRMS.
There are basically two different ways:

e Extending the GJD language.

e Using a mechanism to specify more details with the curremisgic.

We have decided not extending the language used to desotibdrj the GRMS system. We have used some
simple mechanism such as environment variables. We hawentexisting variable names from OpenMP for a good
understanding and some other for other semantics. The ebtenlidt of considered environment variables is the
following:

e OMP_NUM_THREADS. Indicates the number of OpenMP threads.

e OMP_SCHEDULE. Indicates the scheduling policy to follow by thpegdMP runtime.
e PARMALLEABLE. Indicates if the parallel application is malleke or not.

e PAR.TOPOLOGY. Indicates the kind of topology followed by the Apgtion.

These environment variables can be included externallyg@3RMS system just by the job description file.

Another important issue to take into account regarding #faidion of jobs is the identification of the jobs. Since
this is a coordinated infrastructure and there are sevayals involved in the architecture, the mapping of IDs into
the different layers and the desciption of jobs is crucial.

Figure 4 shows the call procedure between the main eNANO&utira framework entities.
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In our current execution environment, the Grid ResourcekBrgeNANOS Broker) receives a JSDL document
from the Web Portal or from a client interface. Afterwardee 9SDL document is converted to RSL because the Grid
broker is built on top of the Globus infrastructure. Not &létinformation expressed in a JSDL document can be
covered in an RSL document, then we use some environmeabl@sias a simple mechanism to solve this problem.
Finally, in the local resource the appropriate job managarsforms the RSL document to a LoadLeveler script.

An example of an obtained LoadLeveler script is shown below.

1 #! /bin/sh

2 # Job command file created by GRAM/JobManager/loadlewepm
3 # @ job.type = parallel

4 # @ initialdir = /scratch/irodero/cpmd

5 # @ input = /dev/null

6 # @ output = cpmd.4.pwr4.out

7 # @ error = cpmd.4.pwrd.err

8 # @ class = short

9 # @ restart = ye

10 # @ totaltasks =2

11 # @ node =1

12 # @ environment = COPXLL; \

13 # MP_EUILIB=ip;\

14 # MP.EUIDEVICE=en0 j\

15 #  PRLIBRARY_PATH=/scratchtmp/irodero/CPMB-3.9.1/PRLIB;\
16 # OMPNUM_THREADS=16\

17 # PARTOPOLOGY=power2

18 #@ queue

19 #

20 /scratch/irodero/CPMB3.9.1/cpmd.x /scratch/irodero/CPMBEB.9.1/inputs/small.inp
21 #

22 # End of job command file.
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Since from both the Grid and the local environment it is regghito know the mapping of a given job into the
other layers (for example to ask for information to a locatey),we need to include into the GRMS system another
environment variable, but in this case it has to be assigngideé the GRMS system not by the user (because the Job
ID is unknown before its submission).

e GRID_ID_ENV. Identification of the Grid job (given by the GRMS system)

4.2 eNANOSasa new information provider

In order to provide more details of job execution in the lomalironment (where eNANOS gives support for parallel
applications) we have found two possible ways of integratie is shown in Figure 5:

¢ Provide an API for eNANOS functionalities that can be usedatly from the GRMS system.

e Using an Information system (such as Mercury) and addingrapiegin to eNANOS collect the information
provided by eNANOS (information queried with general metdbas).

GRMS GRMS
Scheduling Engine Scheduling Engine
7\
v
data Mercury 1S
| eNANGS |
v | Plugin |

[
eNANOS ?ﬁ
@) @) @) eNANOS

- 0]0X0)
=

Figure 5: Two possibilitites of integration: by API (lefthd by an IS (rigth)

The second solution should be better in terms of extentsisiiid generic, but for the first steps of integration is
more complicated since there is no plugin implemented ye2RANOS and the GRMS system has to be modified to
support the new data in the scheduling engine.

Therefore, in this first step we have implemented an API ferdNANOS Execution Framework that allows the
GRMS system to obtain information related to the applicatiehavior in run time. As it is discussed in the previous
section, the identification of jobs is very important to mae Grid jobs into the local execution platform when getting
data. The APl has been implemented in Java and consists faflibwing basic functionalities:

geteNANOSProgressl nfo (JOB.ID, RELATIVE/ABSOLUTE)

geteNANOSPer formancel nfo (JOB.ID, RELATIVE/ABSOLUTE)

geteNANOSL ocall nfo (JOB.ID)

The schema of the information returned by the API methodsdes several data from the local execution systems.
Actually, when a job is in the RUNNING state, the XML includeset of applications with their respective processes
and threads. For each of these processes and threads tlaése iscluded information about performance metrics
(such as MIPS or MFLOPS). This information is very importamknow the behavior of the job since our project is
targeted to parallel HPC applications, MPI and MPI+Openidi®all.

This fine-grain information is provided by the NANOS Resauktanager (NANOS-RM) through its PS interface
[11]. The NANOS-RM is the responsible of the CPU schedulmthie local system, so it is able to know the details
of both the parallel applications and the CPU resourcesahtimme. It provides for each application the number
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of processes (e.g. the number of MPI processes), the nurfiltlereads per process (e.g. the number of OpenMP
threads), the status of these threads and the CPU wheradaglshare allocated in case of running threads.

The eNANOS execution environment also provides infornrmagibout the progress and performance of the appli-
cations in run time. This information can be queried as aplabsvalue (for example 1500 MFLOPS) or as a relative
one (value from 0 to 100 percent). Currently there are twizdiht ways to generate this information: using a library
to instrument the application or just using the library f@rformance developed on top of the progress indicators
infrastructure. In the local system, the progress inforomas managed by a dedicated daemon which provides an API
to access to the indicators information. Furthermore, thBI8S Scheduler also queries to the daemon API to collect
this kind of information.

The XML schema of the data provided by the daemon throughliteténterfaces is shown in Figure 6.

name

textname

value

Figure 6: XML schema of the progress indicators data

GRMS can use various scheduling strategies depending cprifigguration and available environment. In most
cases it uses multicriteria models for Grid scheduling.[4][$]). Some of these models allow modifications of sched-
ules in runtime based on dynamic information gathered froneravironment. These methods can particularly take
advantage of functionality provided by eNANOS since it afagyetting information about performance of applications
in runtime.

In particular, in [5] the dynamic rescheduling procedureplemented in GRMS are presented. They use check-
pointing and migration mechanisms supported by GRMS. Thedwing model is also based on multicriteria meth-
ods. The complete description of the algorithm is availabléhe quoted paper. In a nutshell, GRMS reschedules
automatically 'smaller’ jobs if a 'large’ job waiting in a GRS queue cannot be executed due to lack of sufficient
amount of resources (e.g. CPUs). By 'small’ and 'large’ jaleismean here jobs that require small and large amount
of resources respectively. A decision concerning whictsjodiuld be migrated to which host is done based on multiple
criteria.

We used in our experiment the following criteria for the exadion of destination hosts: available memory, mean
load during the last 1, 5 and 15 minutes, CPU count, CPU spirealfollowing set of criteria was applied to evaluate
checkpointing and migration costs: the number of hosts a&@bmigrate to (to minimize the risk of a failure), the
size of a migrating job (memory allocated by this job), the'§acurrent runtime (in order to migrate jobs that are not
to finish soon).

Of course, the current runtime is not the best criterion f@l@ation of migration costs of a given job. A job
progress is much better metric for this. Taking advantagthisfeNANOS functionality GRMS can better evalu-
ate candidate jobs for migration and in this way improve ifficy of the whole schedule (for instance mean job
completion time).

Another possibility of exploitation of eNANOS functionglifor efficient dynamic rescheduling is use of informa-
tion about job performance. If this performance is belowraade level (and progress is not advanced too much) then
a better resource is found and a job is migrated to that resdof course if checkpointing of this job is possible).

Ideally the information about a level of performance (orelsetter relative performance) below which a job should
be rescheduled could be provided by end-users. They would thaspecify it in a certain kind of agreement. Since
currently such information cannot be passed in a GRMS jobrgsn we will consider these issues in the future.
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5 Conclusions and Future Work

In this paper we have presented the eNANOS Execution Frankemgoa target infrastructure to be integrated with
Grid services such as a Resource Broker or metaschedulettas ¢ase of GRMS. We have studied how to integrate
these two components and which of the required changesaligtice We also have studied how to describe accurately
the parallel jobs in the Grid layer and how it influences thelstarchitecture (specially the lower layers). We have
solved this problem with a very simple solution based on geaf environment variables. We have implemented an
API to allow the GRMS system to obtain specific informatiaonfreNANQOS. This API has been implemented in Java
and provides the functionality to get information aboutpinegress, performance and accurate description of them in
a run time. Finally, we have discussed the possibilitiedgrfgoroving the scheduling strategies of the GRMS system
using the functionality provided by the eNANOS system.

As future work we should include the implementation of neugih for the Mercury information system to allow
GRMS to get the information provided by eNANOS with more genenechanisms. However, some changes in
GRMS are needed. We also expect to implement new schedutatggies and policies into the GRMS system and,
finally, evaluate some real workloads on a testbed compogegsburces of both PSNC and BSC institutions.
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