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1. INTRODUCTION

1.1. PURPOSE

The purpose of this document is to describe the requirements of Scheduling Agents for parall el
applicaions sibmitted to a grid environment. Scheduling Agents are schedulers, they make dedsions
abou where, when, and haw to run paralel jobs on Grid resources as Pedfied by a set of pdlicies,
prioriti es, requirements and limits. They are resporsible of dedding the dl ocation d appli cation tasks
to computing resources in a way that tries to guaranteethat applications are onveniently, efficiently
and effedively exeauted. Agents will i nterad with ather services developed in the CrosGrid projed
and this gedficaion is aimed to be compatible with ather ongoing gid projeds (namely, the
Datagrid).

The intended audience of this document is the Task itself, Tasks 3.1, 3.3and 3.4regarding the
interfaces and information required by this Scheduling Agents and WPL regarding the set of
requirements gedfied in their SRS that will be suppated by SA.

1.2. SCOPE

Given a user’s parallel application submitted to the grid, Scheduling Agents will be resporsible for
optimising scheduling and noce dlocdaion dedsions. They are nat grid resource managers, such as
Conda-G, as they do nd manage the queue of jobs that interad diredly with Grid resources nor the
locd queues in the remote Computing Elements where the gplicationis going to run. Their basic role
is to tell the grid resource manager what to do, when to run jobs and where. Spedficdly they will
cary out threemain functions:

1. seledion d the “best” resources that a submitted job can use. This ®ledionwill take into acourt
the goplication requirements needed for its exeaution as well as sme ranking criteria used to sort
the avail able resourcesin arder of preference

2. perform the necessary steps to guarantee the dfedive submisson d the job orto the seleded
resources. In general, Scheduling Agents will cary out this function by suppying a cmplete
information abou the job and the resources to be used to a suitable grid resource manager, which
subsequently will be in charge of running the tasks of the job onthe given set of resources.

3. monitor job exeaution and report on job termination. Thisfunctionwill be normally carried ou by
some sort of natification mecdhanism provided by the grid resource manager to which the job was
submitted.

Scheduling Agents will not be in charge of providing a fault tolerant exeaution environment to the
applicdion. This srvice shoud be provided either by the particular grid resource manager to which
the Scheduling Agents will submit the jobs or to the particular remote sites on which the gplication
will be run. In case of partial or total failures of any Grid element that derive in an abnamal
termination d the gopli cation, Scheduling Agentswill simply cancd the job, pu it badk into the queue
of pending jobs and ndify the event to higher services with which users have dired interadion. These
services houd be resporsible to ke the job into the queue for alater automatic resubmisson by the
Scheduling Agent or to return the job to the user. In the former case, the job will go through the three
elements described above. In the former case, the job will simply be discarded.
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1.3. DEFINITIONS, ACRONYMS, AND ABBREVIATIONS

Definitions
Condor

Condor-G

Condor Glide-in

Globus

Condor is a High Throughput Computing (HTC) environment that can manage
very large collections of distributively owned workstations

Condor-G is a resource manager that is used as a front-end to a computational
grid. It provides job monitoring, logging, notification, policy enforcement, fault
tolerance and credential management.

Mechanism that allows the temporary addition of a Glaobus resource to a local

Condor pool. The addition is accomplished by installing and executing some of
the Condor daemons on the Globus resource.

The Globus Toolkit is a set of software tools and libraries aimed at the building of
computational grids and grid-based applications.

Acronyms/Glossary/Abbreviations

ClassAd
DAG
DataGrid/EDG
GIS

GRAM

job-ad

JDL

JsS

MDS

MPI

NA

RB

R-GMA

SA

TBD

WMS

WP

Classified Advertisement

Directed Acyclic Graph

The EU DataGrid Project |ST-2000-25182
Grid Information Service, akaMDS

Grid Resource Allocation and Management
class-ad describing ajob

Job Description Language

Job Submission Service

Metacomputing Directory Service, aka GIS
Message Passing Interface

Not Applicable

Resource Broker

Relational Grid Monitoring Architecture
Scheduling Agents

To Be Defined

Workload Management System

Work Package
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1.5. OVERVIEW

Section 2 provides an overall description of Scheduling Agents and section 3 details specific
requirements and dependencies with other WPs or projects. Appendix A describes the Directed
Acyclic Graph notation used in the Condor system. Appendix B contains a brief state-of-the-art related
to scheduling and resource management in Grid environments.

Task 3.2 SRS Public 6/30



e c==CCale TASK 3.2 GRID RESOURCE MANAGEMENT SRS

2. OVERALL DESCRIPTION

2.1. PRODUCT PERSPECTIVE

Scheduling Agents, as defined in this document, constitute an extension d part of a Workload
Management System (WMS) as described in the Datagrid projed [1]. In particular, SA will automate
most of the adiviti es related with resource discovery and system seledion, as described in [2]. As also
pointed ou in [2], SA differ from other common schedulers is that the SA “dorit own the resources
and therefore don't have total control over them. Furthermore, SA don't have ontrol over the entire
set of jobs on the system, or even necessarily know abou them, so dedsions abou an entire set of jobs
to aresource cana be made.”

SA will extendthe basic services of the WM S to user jobs consisting of parallel applicaions that may,
eventually, exhibit an interadive behaviour. Initialy, suppat will be provided to parallel applicaions
using MPI, asthisisthe original platform described in the projed propasal whichis also mentioned in
most of the SRS documents (from the deliverables of month thre€ prepared by the crrespondng
tasks ([3, 4, 5, 6, J. Suppat for other parall € libraries (such us, PVM) or environments (Cadus) may
be discussd in the future acording to the spedal needs that WP1 partners will report. Currently,
those ewironments are mentioned in some of the related dacuments only as tentative packages. We
asuume that the WP1 applicaion developers will refine further their requirements as the projed
evolves. A spedfic MPI implementation hes to be dso agreed, athough initial candidates, mentioned
by most tasks, are MPICH and MPICH-G2.

The term job a applicdion has a vague definition, ac@rding to the descriptions included in the SRS
documents of WP1. Most of the gplications described in these documents are wmposed of several
independent but inter-operable and dependent comporents. All these cmponrents may runin paralel
(see for instance, the biomedicd application), but they may also exhibit some sort of interdependency
(for instance, floodteam suppat applicaion). Some of these comporents have aspedalised function
(visualisation, chta aquisition, wser interadion,..) that forces them to be run orto a particular
resource, without any intervention d an SA because they are not suppased to run ongrid resources but
on locd ones. Other comporents are identified (either implicitly or explicitly) as been candidates to
run ongrid resources. They consist of time cnsuming computations sich us smulations (in the
biomedicd application, in the floodteam suppat applicaion andin the ar palution, weaher forecast
and sea wave modedlling applicaion), or data mining techniques (in weaher forecasting and HEP
applicaions). Finaly, interadive HEP appli cations require dso the eventual existence of a componrent
that is resporsible for all ocate nodes and install data serversin them (which also implies data transfer
before the interadive gplication starts). Thus, ac@rding to these descriptions, jobs submitted to SAs
will be dasgfied as:

e Simple jobs: consist of asingle gplicaion (either sequential or paralel) that can be identified
with a single exeautable binary. Ead simple job will be described by means of a single file
using the Job Description Language described in [1].

e Composed jobs: consist of a mlledion d single gplicaions (ead o which, can be dther
sequential or parallel) that exhibit some sort of inter-dependency. Each ore of the gplicdions
will be described using JDL, asthe previous case. In addition to that, dependencies between jobs
will be described by a suitable language. Normally, a Direded Acyclic Graph (DAG) can be
used to represent a set of applications where the inpu, ouput, or exeaution d one or more
programs is dependent on ore or more other applicaions. In this case, single gplications are
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nodes (vertices) in the graph, and the edges (arcs) identify the dependencies. A possible
representation to be used for composed jobs could be the one adopted by Condor DAGman (a
meta-scheduler for Condor jobs). A brief description of the DAG notation used by DAGman is
included in appendix A.

Initially, SA will be designed to work with simple jobs. Additional support for composed jobs will be
added at later stages of the project, once the proposed syntax to represent this kind of jobs has been
discussed and approved with WP1 developers. Description of scheduling actions to be performed on
composed jobs will also be described in subsequent documents when further details about application
requirements will be available. This document focuses on theinitial support of SA to simple jobs.

Another relevant issue regarding the design of SA is related to the support of interactive jobs. Two
main situations have been identified from the application specifications:

« The ability of the user to cancel a given job as aresult of an inspection of the job output during
the execution of the application. This situation requires, on the one hand, the addition of some
simple command available at the SA to cancel a specific job. On the other hand, this cancel
operation may need some additional servicesthat fall out f the scope of SA, such us the ability to
transfer outputs files during the execution of the application. This service must be provided
either by the grid resource manager that controls the execution of the application or by the local
resource managers on the remote sites where each application task is running. Further
investigation has to be carried out in order to adopt a grid resource manager that provides such
service.

« The ability of an SA to start immediately the execution of an interactive application in order to
achieve aresponse time as low as possible. Again, this service will also rely on the ability of the
underlying resource managers to provide facilities that can be exploited by the SA. The ability of
making an advance reservation appears to be a valuable mechanism to support this requirement.
Other useful mechanismsthat will be investigated include the use of priorities between user jobs,
which can be extensible to priorities between users. The priority schema would be used in
conjunction with a job pre-emption mechanism in order to suspend an aready running job and
allocate an interactive job on the released resources. Again, at this stage of the project, the
inclusion and the scope of this priority mechanism requires further elaboration and will not be
included in early prototypes of the SA. They will eventually be introduced according to the
comments and suggestions made by application developers and the Technical Architecture
Team.

2.1.1. System interfaces

Scheduling Agents will offer one interface to external Grid components. This interface consists of an
API with several functions that allow a client application, such us a User Interface, to submit or cancel
a job. Simple jobs will be described by a job-ad using a Job Description Language (JDL) that will
specify the relevant characteristics of the job, its requirements and user specific needs in terms of
scheduling options.

2.1.2. User interfaces

No direct interface will be provided to users. All interactions should be carried out by means of
intermediate client programs.
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2.1.3. Hardware interfaces

No spedal interfaces with hardware comporents are cnsidered. Spedfic use of communicaion pats
will be described in future documents describing the design and implementation d Ses..

2.1.4. Software interfaces

Scheduling Agents will offer one external interfacethat, in principle, shoud be used by a dient
applicaion (such us, the Web Portal or any alternative user interface. The main services provided by
this APl would be:

e Submit ajob: ajob described in a JDL file is passd to the SA. An identifier for the job
(job_id) isreturned orcethe SA verifies the correanessof the JDL file, which means that the
job hes been accepted by the SA. The job_id will be used by SA for later references to this
job.

* Cancd ajob: the SA will cancd the exeaution d the jobidentified by itsjob_id. It will i suue a
kill command to the resource manager and the job will be removed from the SA queue.

Although, these ae the basic functions provided by SA, several variations will be latter included to
suppat some @mmon wser operations. Examples of useful variations would be, for instance, a
command that cances all the jobs of agiven user.

Submitted jobs will be described by job-ads using the JDL or ClassAd termindogy. Scheduling
Agents will require dso accessto information abou the available resources in the Grid environment
that may be used to service eab user request. Resourceinformation will also be expressed in terms of
ClassAds (as used in EDG). The necessary extensions will be added to the EDG’s JDL to be aleto
represent the requirements of parallel applicaions and computing resources in arder to cary out the
seledion process

SA will have asemnd interfacethat will be used to passthe list of seleded resources to the grid
resource manager that is going to be resporsible of the adual exeaition o the job onthe seleded
resources. In particular, afirst interfacewill be implemented to be compatible with the Datagrid’ s JSS
to recave asynchronous natifications from the JISSabou relevant events concerning a job, so that the
SA can take gpropriate adions.

2.1.5. Communications interfaces

Internal interfaces between the dements included in a Scheduling Agent will be described in the next
document that will describe dso their internal architedure. Basic mechanisms adopted will be shared
memory data (for comporents of SA running as different threads) and through TCP/IP sockets (to
communicate SAs with ather elements related to job submisson and grid resource management).
According to future developments of Globus, communication interfaces of SAs will be cmpatible
with Globus services based onthe OGSA spedficaion.
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2.1.6. Memory constraints
No special constraints have been identified at this moment.

2.1.7. Operations

Scheduling Agents will be running as permanent daemons. They will be started together with the rest
of basic services included in the Grid middleware. They will react to any claim coming from client
programs. Once a user job has been successfully submitted to a set of computing resources, they will
react to events coming from inferior services of the Grid infrastructure.

2.1.8. Site adaptation requirements
TBD

2.2. PRODUCT FUNCTIONS

The basic functions involved in the management of user jobsinclude:

- Matchmaking Process: this activity consists on finding a match between the user application
requirements and the resources available on the Grid. Characteristics of Grid resources are
retrieved both from information services from the Grid that may include Replica Catalogues and
resource directories (MDSs). A list of candidate resources will be generated by this Matchmaking
Process that will include resources that fulfil the application requirements (including, for instance,
resources that are available, in which the user has authorisation to run jobs and that match the
architecture required by the application.

- Resource Selection: this process will be implemented by allocation heuristics that will be
responsible for selecting the actual set of resourcesthat is going to be used by the application from
al the resources that fulfil the application requirements. The selection criteria will be guided by
the user specific optimisation criteria and the use of additional information from the Grid
resources provided by monitoring services. A ranking mechanism will be used to sort the
resources filtered by the matchmaking process. Resources will be selected starting from the
beginning of this sorted list until a number equal to the one specified in the job description file is
obtained. Additional selection criteria may be applied if they are specified in the application
requirements (for instance, resource selection may enforce that resources belong to the same
farm). It is worth mentioning that the matchmaking process and the resource selection may be
combined into a single service by combining the specification of requirements and the ranking
criteria at the same time. Such combination is possible, for instance, if the Condor ClassAd library
is used.

- Submission Service: This process performs the actual submission of a job to the resource
manager of the Grid. It has to ensure that the resource manager ensures a simultaneous co-
alocation of all the resources passed by the Resource Selection process. It will interact with the
Resource Selection process if the resource manager is not able to allocate all the resources
specified initially. The interaction will be repeated until a sufficient number of resources is
allocated. Otherwise, an error will be reported. The Submission Service will be later responsible
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for the actual submission of tasks to the appropriate resource. It will also monitor the application
execution and inform to higher levels about any event that significantly affects the normal
execution of the application (i.e., normal exit or abnormal termination). It will also implement
cancellation request issued by the user through the suitable interface. The Submission Service will
be a simple wrapper that will finally submit the job to a grid resource manager. Condor-G is going
to be adopted as grid resource manager because it provides the desirable characteristics of
reliability and persistency required to support temporal failures in different elements of the grid
infrastructure (CEs, Globus gatekeepers,...). MPI applications will require the use of some
additional features not available directly in the standard configuration of Condor-G. In particular,
the glide-in mechanism will be evaluated as a candidate mechanism to support MPI applications
distributed over multiple sites.

Figure 1. showsaninitial design of SAswith its main components. According to the elements depicted
in this figure we describe below how the above functions will be carried out and which element will be

responsible for them.

Scheduling Agent |

Local
Submitting

PS?“CO”"“a”dS job-description iOb-deSCﬂqﬂop
ul/ _ User | N Resource —,? Resource
Web Portal [< Access &—— | Selection [&—+—— Broker
i : resource‘f-lid}t
o | |
Il user-monitoring | i
i : commands user-controlling elected-resourceds :
S mmands Lo
| [
: : [
| |
| 5
|
P! [T T 2 P!
oo Job user-job-i Job Lo
. Monitor Commander : i
L&B Info ,~ )'/7 L
Yo Handler |
///// ______________________ : !
4 jss-commands I
Logging !
& !
Bookkeping i
JSS / CondorG :
|
i
i

e

Machine

Figure 1. High level view of Scheduling Agent (SA) functions
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In ou design, Scheduling Agents are binded to agiven user in a1:1 relationship, and there ae different
copies of them for different users. Each user will know where his/her pair runs (macine, pat) from
his/her user profile. They will i nclude the resource seledion service and the submisgon service The
matchmaking processwill be caried ou by an external element: the Resource Broker. The Resource
Broker will be interfacal to Grid Information Services (such as Globus MDS and Datagrid R-GMA).
The Datagrid’s Resource Broker functionaliti es will potentially be reused to implement this interface
Internally, the Resource Broker will be based onthe Conda ClassAds library, which is able to provide
single resource seledion. It will be extended with new functionality so that it to providesalso multiple
resource seledion.

The SA can be composed by five main internal functions:
e User Access (UA);
» Resource Seledion (RS);
* Job Commander (JC);
e JobMonitor (IM);
* Queue Hander (QH).

A tipicd scenario that ill ustrates the normal behavior of SA interading with ather middeware services
to manage aparticular parallel jobisthe following:

e The user contads the SA through a remote annedion wing the Web Portal. The UA handes
this conredion and receves the user commands (li ke job-submit, job-cancd, job-status...).

e The user can submit hig’her job roviding to UA the job descriptionin a JDL file. UA sends
the job descriptionto RS that will contad the Resource Broker (RB). The JDL file spedfiesall
the information required to exeaute the gopli catlion and includes also spedfic requirements and
ranking information provided by the user. A minimal JDL file would look like:

Execut abl e = apl. exe; /* Name of executable */
—Application_type = MPI; /* It's an MPI application */

—stdin = NULL; /* No standard input is used */

stdout = output.txt; /* standard output redirected * /
stderr = error.txt; /* standard error redirected */

CPUcount = 4; * the application requires 4 CPUs */

input_files = datl; /* the appl. uses one input file */

output_file = outl; /* and generates one output file */

requirements = other. OpSys == "RH 6.2" && other.Arch ==
"INTEL"; /* the application has to run on machines with Red

Hat 6.2 as operating system and Intel processor */

* RB aso receives from Grid Information Index and Replica Manager/Catalogue information
about resources on the Grid. RB finds a match between the user application requirements and
available grid resources (Matchmaking Process). Then, RB sends to the RS the list of found
suitable resources.
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Thelist of resources would be for instance:
gui dam cs. uab. es
sal ti nbanco. cs. uab. es
al egri a. cs. uab. es
soleil..cs.uab. es
ci rque. cs. uab. es

Each machine should have also afile with a description of its main characteristics (equivalent
to the DL filein the case of jobs)

* RS uses ranking mechanisms to select from this list the resources that will be used to run the
submitted job. In our example, the first four machines could be the ones selected.

« The JC will issue a co-allocation command for all the resources selected. This co-allocation
command will be based on the Condor glidein mechanism

*« Once, the co-allocation command has succeeded, the JC uses the information about the
selected resources and the user JDL file to create a command for JSS. The command is
submitted to JSS and the QH stores in its queue information about submitted job. The IM
checks the results of the submission operations by direct queriesto the JSS.

« If the co-allocation command does not succeed or the grid resource manager is not able to
submit the job to the resources, the M (or the JC: see the two flows with question marksin the
figure) asks RS for other resources matching the application requirements (specified by JDL
file), to perform an automatic resubmission of the job.

In our example, this means that ci r que. cs. uab. es would be tried first if one of the
previous machines would not respond. If ci r que. cs. uab. es also fails, the SA would ask
for additional machines to the RB. If no more machines are provided by the RB, the SA
deallocates any incomplete set of machines and puts the job into hold. It will periodicaly try to
repeat the allocation until it succeeds or a maximum number of trials is reached (in the latter
case a notification would be sent to the user, who can decide to cancel the job or keep it in the
gueue).

» All events generated by the different elements involved in the execution of the job are recorded
in the Logging and Bookkeeping server (LB) through the JM. This server will be, in principle,
the DataGrid Logging and Bookkeeping service, given that no specific service is being
developed at the CrossGrid project. Nonetheless, the IM will store some minimum amount of
information about the state of a running job.

e The user can check the status of the submitted jobs. JM receives the user-monitoring-
commands by UA and gives back needed information stored in the LB. It has to be
investigated whether there could be adirect accessto LB server by Web Portal to query it.

Section 3 provides additional information regarding this design of SA and compares it with other
alternative designs that have been adopted, for instance, in the DataGrid project.

The lack of a central control mechanism will imply that the alocation decisions made by the
Scheduling Agents could be deadlock prone. The state of a particular resource may change in the time
interval that goes from the output of the resource selection process to the actual claim of the resource
by the grid resource manager. A simple mechanism based on time-outs will be used initially to prevent
deadlock situations in the allocation of multiple resources. The allocation of al the resources for a
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single job will finish with an error if a certain time-out expires before all the resources are effectively
alocated. In this case, the job will be passed back to the Matchmaking Process to find a different set
of available resources.

Selection of resources will be based on a set of usual steps as described in [2]. A list of significant
factors that can affect scheduling decisions may be found also in [1]. They include, for instance, the
location of data, requirements of job, user preferences, user priority, status of available resources, etc.
Some of these factors will be used as excluding criteria. They will serve to discard resources that are
not suitable for a given application. Other factors will be used to provide a ranking of resources that
will be used to do the final selection. Heuristic scheduling strategies responsible for the generation of
ranked lists of resources will be included and tested during the project.

It is worth mentioning also that the use of the Condor glidein mechanism has two purposes. Firgt, it is
used as a co-allocation service that guarantees that all the required resources are available before the
application is transferred there for execution. Second, it will be used also to support interactive high
priority applications when no resources are available but lower priority applications are already
running. In this case, the SA will suspend or kill some of the low priority applications and allocate
those resources to the high priority application. The glidein mechanism will guarantee that the
resources will not be lost between the suspension of the low priority jobs and the starting of the high
priority job. If a high priority job wanted to avoid the overhead involved in the matchmaking and
resource selection processes, a similar mechanism could be applicable.

2.3. USER CHARACTERISTICS

As was mentioned in section 2.1.2 this package belongs to middleware, thus these components
essentially do not have direct contact with the user. All user interactions with SAswill be carried out
through the web portal .

2.4. CONSTRAINTS
a) Regulatory policies: none.
b) Hardware limitations (e.g., signal timing requirements): none.

¢) Interfaces to other applications. The Resource Broker has to be interfaced to Globus MDS and/or
DataGrid R-GMA.

d) Parallel operation: no special constraints.

€) Audit functions: no special constraints.

f) Control functions: TBD

g) Higher-order language requirements: C and C++.

h) Signal handshake protocals (e.g., XON-XOFF, ACK-NACK): none.
i) Reliability requirements: Very High

j) Criticality of the application: Very High
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k) Safety and security considerations. SA have to follow the same security, encription and
authentication mechanisms commonly used by services and tools of CrossGrid.

2.5. ASSUMPTIONS AND DEPENDENCIES

Scheduling Agents assume that basic elements and components developed at the Resource
Management workpackage of the Datagrid project will be reused. In particular, the same JDL based in
ClassAds will be used with the necessary extensions the represent parallel jobs. They assume also the
existence of Resource Brokers and Job Submission Services for sequential jobs, and basic middleware
such us Condor-G, and Globus GRAM and DUROC modules. SA will take advantage of these
available services in order to provide an early prototype that could be evaluated by the application
developers in WPL. Later extensions or improvements would be added into SAs according to their
feedback.

Linux is assumed to be the actual operating system. C and C++ will be the default implementation
languages.

2.6. APPORTIONING OF REQUIREMENTS
A common scripting language will be chosen, if necessary.

All requirements are prioritized so that features with the highest priority will be developed first. Refer
to next section for the detailed table with requirements and their priorities.
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3. SPECIFIC REQUIREMENTS

Scheduling Agents will rely, in general, on EDG middeware, which also relies on Globus and Condor
services. They will aso rely on basic services used in the Workload Management Service of EDG,
such us, the Job Description Language, the Condor ClassAd library and the Condor-G grid resource
manager. Moreover, we expect to reuse some elements developed in the Workload Management
Service of EDG. The use of some of these elements is mandatory because there is no equivalent task
in CrossGrid to deal with them (for instance, the maintenance of the information about grid resources
in ClassAd format). The use of common services should guarantee also, on the one hand, the
compatibility of CrossGrid Scheduling Agents with DataGrid jobs (i.e. any DataGrid jobs submitted to
a CrossGrid Scheduling Agent should run on a CrossGrid testbed just as any CrossGrid job). On the
other hand, this approach will allow afast development of initial prototypes, which will be a valuable
tool to evaluate the features needed by application developers that have to be included in later
versions.

Section 2.1 has described the rationale and the overall perspective of this package. Some of the main
requirements for this package were presented by giving references to the particular application that use
this package. A more detailed list of requirements follows. The table includes a number that identifies
the requirement, a brief description and its priority (which can be understood as the severity of the
requirement: high priority corresponds to features that are crucial to have in the first prototype, while
medium corresponds to features that are nice to have or that are going to be included in later
prototypes).

ID Requirement Description Priority

R-001 | The Scheduling Agent shall receive commands from the Web Portals and | High
send results back to them.

R-002 | The Scheduling Agent shall send command output/results back to the Web | High
Portals.

R-003 | The Scheduling Agent shall send to the Resource Broker the description of | High
the job to be submitted using a description language (e.g. JDL from EU
DataGRID).

R-004 | The Scheduling Agent shall receive from the Resource Broker the list of | High
available resources matching the user request. It should be noted that the
RB works both with lists of resources and with individual resources.

R-005 | The Scheduling Agent shall submit commands to the JSS to run jobs over | High
the selected resources.

R-006 | The Scheduling Agent shall poll the status of running jobs querying the | High
JSS.

R-007 | The Scheduling Agent shall receive from JSS the status of running jobs. High

R-008 | The Scheduling Agent shall support parallel applications using MPI as | High
communication library.

R-009 | The Scheduling Agent shall log al the information related to the status of a | Medium
running job onto the Logging & Bookkeeping server.
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The Scheduling Agent shall be able to retrieve detailed info related to
running jobs from the Logging & Bookkeeping server.

Medium

The Resource Broker shall get information from the information system
about all available replicas of dataand give it back to the Scheduling Agent,
who will useit in the resource selection process.

Medium

R-012

The Scheduling Agent shall support different priority schemes for
interactive (or high priority) applications and batch (or low priority)
applications.

Medium

R-013

The Scheduling Agent shall support resource co-allocation for parallel jobs.

High

R-014

The Scheduling Agent shall perform the resource selection considering the
network bandwidth, given that most of the applications state in their SRS
that performance of network resourcesis critical.

Medium

R-015

The Scheduling Agent must support applications that require alarge number
of CE for executing. These CEs could belong to different sites.

Medium

R-016

The Scheduling Agent shall support composed jobs. Single components will
be either sequential or parallel MPI applications. Components may exhibit
ordering dependencies in terms of data files produced by one component
that are used by other components.

Medium

R-017

The Resource Selection component of the Scheduling Agent shall consider
that the application may require the reservation of unique resources such as
medical scanners and 3D visuadisation environments (required by the
biomedical application).

Medium

R-018

The Scheduling Agent should allow advance resource reservation (required
by the weather forecasting and air pollution modelling application).

Medium

3.1. EXTERNAL INTERFACES

The external interfaces of SA with other components of CrossGrid middleware are the following:

1. Interface with User Portal. Jobs will be submitted to SA using JDL. A job identifier will be
returned back if the job is accepted by the SA. This job identifier will be used later for any future
operation regarding that particular job (in particular, it will be used to cancel the job).

2. Interface between SA and RB. Thejob, described by its JDL file, will be passed by the SA to the
RB. A list of CEs will be returned by the RB if the suitable resources are found. The RB will
retrieve resources from the information services available in the VO (for instance, Globus MDS,

EDG Ftree and EDG R-GMA).

3. Interface between SA and JSS. The job, the list of resources and a submission attempt timeout
will be passed by the SA to the JSS, who will carry out the actual submission of the job to the

remote resources. All thisinformation will be included in the JDL file of the job.
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3.2. FUNCTIONS

As described in section 2.2, the main functions provided by this package are matchmaking, resource
selection an submission service. A more detailed list of functions that are going to be supported by the
package isincluded in the following table.

FUN-001 The Scheduling Agent shall manage user commands according to their
types (monitoring or controlling commands).

FUN-002 The Scheduling Agent shall parse the job description submitted by the user.

FUN-003 The Scheduling Agent shall identify the constraints and the requirements
related to a user job description and use them to rank/select the available
resources.

FUN-004 The Scheduling Agent shall prepare commands for the JSS to run jobs over
the selected resources.

FUN-005 The Scheduling Agent shall maintain a minimum amount of information
about the state of arunning job submitted by itself.

FUN-006 The Scheduling Agent shall maintain a permanent queue for all submitted
jobs of the user it refersto.

FUN-007 The Scheduling Agent shall monitor the status of submitted jobs.

FUN-008 The Scheduling Agent shall automatically redo the resource selection,
according to instructions contained in the user job description, in case the
grid resource manager is not able to alocate al the resources specified
initialy.

FUN-009 The Resource Broker shall carry out single resource and multiple resource
selection.

3.3. PERFORMANCE REQUIREMENTS.

- SA should be highly scal able and the same applies to the RB. Scalability refers both to the number
of users and the number of jobs submitted by each individual user.

- The system comprised by SA and RB should submit jobs very quickly when resources are
available and the rest of Grid components are working without failures and no significant delays
are experienced in the network infrastructure. Otherwise, the system has to work with areasonable
delay. The term reasonable is necessarily ambiguous as it depends on the perception of the final
user. Experience with first prototypes will be used to evaluate whether the normal performance of
the system is acceptable or additional mechanisms are required in the case of Grid congestions.

3.4. LOGICAL DATABASE REQUIREMENTS
NA
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3.5. DESIGN CONSTRAINTS

The CrossGrid project is suposed to adopt in the future Globus version 3.0. Thus, SA design should be
compatible with OGSA specification and Web Services.

Furthermore, UML has been established as a standard modeling language in WP3.

The architecture design of Scheduling Agents is an open issue at this stage of the project. To some
extend, their design is related to the overall architecture adopted at the CrossGrid project in terms of
how Virtual Organisations are defined. Two are the main options that we plan to investigate.

1. Tight design. In this case, al the components of a SA are tightly integrated into a single
component. This approach is close to the one adopted by the EDG project in which the Resource
Broker is the central element that has the responsibility for all the allocation decisions and is also
responsible for maintaining a queue with al the submitted jobs. Whether there is only one central
RB for the entire EDG project, one for each VO or one for each user is still an open issue in the
EDG project. The RB has been designed to be able to work with all configurations, but further
research isrequired to find the right trade-off between the performance bottleneck problemsthat a
central RB may suffer, and the lack of fair allocation that the use of a large distribution of RBs
may exhibit.

2. Modular design. In this case, the components of a SA (which corresponds to a RB in the EDG
case) will be split into separate subcomponents and their number and distribution withinaVO is
not going to be uniform. One of the approaches that we are going to investigate consists on
having one centralised module at each VO responsible for the matchmaking and resource
selection processes (in figures 2 and 3, we refer to this element as RB, but it isworth pointing out
that it includes only part of the functionality of a RB according to EDG definitions. In addition to
this RB, there will be separate copies for each user in the VO of the SA components that maintain
the queue of jobs for that user and interacts with the personal copy of the grid resource manager.
In figures 2 and 3, these two elements are identified as SA (the Scheduling Agent daemon that
keeps track of al the jobs submitted by a given user, enforcing his policy criteria) and
JSS/Condor_G (the local resource manager service that interacts with the remote resources). This
design will try to provide afair allocation of resources between all users of the same VO and will
try to avoid the problems related to a failure of a monolithical RB, as in the case of EDG. In the
modular case, jobs already running will not be affected by a failure of the central matchmaking
process. Only new jobs will be affected as users would not be able to submit because they could
not be matched with available resources. In the tight case with a central RB per VO, jobs aready
running would eventually be affected by afailure of the central RB (and may finally fail or end up
in an inconsistent way) as long as the grid resource manager is not going to be able to keep track
of them. Figure 3 illustrates this design.
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Submitting Machine
USER

Local submitting machine

3 4// User Interface/ Web Portal
RB <

CE CE CE CE CE

Figure 2. Grid resource management based on a modular design

In this scenario, the sequence of stepsin the execution of ajob isasfollows:

Step 1: The user will contact the SA through a remote connection (using the web portal
interface, for instance) and will submit the job described in a JDL file.

e Step 2: The SA will pass the job description to the central RB
¢ Step 3: The RB and will answer with alist of suitable resources

e Step 4: The SA will take the list of resources passed by the RB. It will combine them with the
JDL file and will create a suitable command that will be subsequently passed to the JSS service.
In the case of MPI applications, SA will issue a set of Condor glidein commands before the job
isfinally passed to the JISS/Condor_G service.

e Step 5: The JSS takes the responsibility to contact with the Computing Elements (CE) specified
by the RB to start the application there. While the application is running, JSS will carry out also
any further interaction with CEs or other intermediate elements in the Grid, such us Globus
gatekeepers.

Users can control the execution of jobs by issuing cancellation commands to the SA at any moment.
The response back from the SA to the User Interface is symbolised in figure 1 by the arrow going
from SA to the User Interface module.
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JSSand SA are mugded to a given user and there will be different copies of them for different users.
Each pair of SA/JSS may run orto a different machine (which would namally correspond to the
user’s permanent madine where binaries and ouput files would be stored), bu multiple users may
share the same macdine (athowh dfferent instances of SA/JSSwill be run for ead ore). Events
generated by the different elements involved in the exeaution o a job will be recorded using the
Logging and Bookkeeping service implemented in EDG. Users will be ale to retreive information
abou the aurrent state of their jobs by isaiing the gppropriate command in their user interface which
will get the information for the Logging and Bookkeeping service SA will cary out a simple
monitoring of the job by isaiing dired queries to the JISS This smple monitoring will be used, for
instance, to perform an automatic resubmisson d thejobin the cae of afailure, if thefailureisdueto
the Grid infrastructure and nd the job itself. Automatic resubmisson will be expressed as a user level
optionincluded in the JDL to cortrol, for instance, how many automatic resubmisgons the system has
to try before the jobis given badk to the user.

It is worth mentioning that status of Grid resources will be dways changing and, in principle, thereis
no guaranteethat the list of resources sleded by the RB will be avail able latter on when either the SA
or the JSScontads them. Therefore, SA will set up dfferent timeouts to ded with eventual problems
that may occur if the status of a CE has changed o the information held by the RB was outdated. If the
timeout expires SA will repea steps 2 to 5 uril success (the number of trials will be dso a user
option). In the cae of resubmisson, the SA will give to the RB information abou the particular CEs
that did na respond,so that the RB could take into accourt thisinformation for latter matches.

As mentioned in sedion 2.1 ,advanceresourcereservation [8] would be avaluable serviceto guarantee
a low resporse time for interadive goplicaions that require anea red-time resporse. SA will take
advantage of any available service of advance reservation provided by the underlying resource
manager system. Depending on the reservation services it provides, we would investigate dso the
implementation d a reservation service d the RB level during the second yea of the projed. This
serviceis not going to guaranteethe avail ability of reserved resources becaise the RB does not have
direa control over CEs. It would basicdly prevent reserved resources to be used as candidate
resources in the matchmaking process Reserved resources would be internally marked as unavail able
in the RB until the reservation expirationtime is readied. As the RB does nat have dired control over
CEs, this reservation medianism would necessrily have a reduced functionality to avoid the
introduction d significant inefficiencies in the usage of Grid resources.

A second design that can be used in latter stages of the projea will i nclude more than ore RB within a
Virtual Organisation (VO). They will be interconreded to exchange updated information abou the
state of Grid of resources, athowgh this co-operation at the RB level will not predude the use of
timeouts at the SA level. Independently of the number of RBs, every user will have its own copy of
the SA and JSS daanons. And every SA will i nterad only with a single RB. This design would also
alows RBs from different VOs to exchange information abou resources shared by multiple VOs as
Figure 3 shows. In this example, there ae two Virtual Organisations (VO, and VO,) with their
correspondng elements (CEs, RBs, and SA/JSSpairs). Some of the CEs are shared between VO, and
VO,, which means that those resources could be dlocaed to jobs coming from either Virtual
Organisation (in the cae of simultaneous submisgons of these resources, the locd resource manager
of eath CE will allocae the CE either to ajob from VO, or from VO,, acwrding to the locad padlicy of
the CE). Figure 3 shows also the interconnedion between RBs and the eventual existence of more than
one RB per VO, bu SA conreded to orly one RB within aVO (SA; and SA; are omnreded to RB;,
while SAz isconreded to RB,, al in VO,).
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Figure 3. Organisation and interaction of SAs and RBs across multiple VOs.

Initial prototypes of SA, however, will be based on atight design, as this approach is usually less error
prone. The design will evolve to the modular option as the project progresses, basic services become
more stable and the overall architecture of the CrossGrid is further refined.
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3.6. STANDARDS COMPLIANCE

The system should be compliant with the following standards:
- UML
- SOAP
- WSDL

3.7. SOFTWARE SYSTEM ATTRIBUTES

The system has to exhibit the following attributes (the priority of these requirements is shown in
brackets) :

- Robustness (high priority): there must be no single point of failure and non-critical failuresin the
rest of Grid components should have minimal impact. This means, for instance, that new jobs may
not be accepted by a SA, but aready running jobs would eventualy keep running until
completion. In the case of failure of the machine where the SA is running, jobs should be kept in a
permanent list and they have to be reassumed (or resubmitted) once the machine is recovered.

- Documentation must exist (high priority). Thisincludes a user guide, an installation guide, and a
system guide with the information needed to continue software devel opment.

- Ease of use (medium priority): it should be possible for an experienced system manager to install,
configure and troubleshoot the software in a reasonable amount of time (afew hours).

- Extra facilities (medium priority): the system should have a command line interface for manual
submission of jobs (without using the web portal).
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4. APPENDIX A. DESCRIPTION OF COMPOSED JOBS USING CONDOR DAGS

This appendix contains a brief example of an Inpu File describing a DAG as used by Conda
DAGman and described in the Conda Manual (v6.3). The whole description d a DAG includes
additional feaures not presented here for the sake of simplicity. This appendix has been included for
ill ustration and evaluation pupases, and to start an open discusson abou the need and convenience
for adopting a similar notation to represent CrossGrid composed jobs. It is expeded that WP1
developers houd rea it and make comments about the suitability of this g/ntax to express their
composed jobs. To ou knowledge, the EDG projed is also evaluating the use of some kind o DAG
notation for DataGrid jobs that can be eaily decomposable into independent jobs with
interdependencies between them.

A full description d the syntax will be provided when afinal notationwill be agreed.
Theinpu file used of aDAG spedfiesthreeitems:

1. A list of the programs in the DAG. This srves to name eat program and spedfy eat
program’'s Conda submit descriptionfile.

2. Processng that takes place before submisgon d any program in the DAG to Conda or
after Conda has completed exeaution d any program in the DAG.

3. Description d the dependenciesin the DAG.
Anexampleinpu file for DAGMan is

#Filename: diamond.chg

#

Job A A.conda

Job B B.conda

Job C Cconda

Job D D.conda

Script PRE A top_pre.csh
Script PRE B mid_pre.perl
Script POST B mid_ past.perl
Script PRE C mid_pre.perl
Script POST C mid_past.perl
Script PRE D bot_pre.csh
PARENT A CHILDB C
PARENT B C CHILD D

Each program (single gplicaion acwmording to naation d sedion 21) is described by a single line
cdled aJob Entry, identified by the JOB keyword.
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The SCRIPT keyword identifies scripts that have to be processed in the submission machine either
before a program is submitted to Condor (PRE script) or after a program successfully completes its
execution under Condor (POST script).

The third type of item in the DAG input file describes the dependencies within the DAG. Nodes are
parents and/or children within the DAG. A parent node must be completed successfully before any
child node may be started. A child node is started once all its parents have successfully completed.
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5. APPENDIX B. RELATED WORK

Grid infrastructure projeds have provided many of the services required for applications that can
benefit from the rich set of resources available in Grid environments. However, these dforts have
shown aso that taking advantage of these resources dill requires extensive suppat from the
midd eware layers. Resource management in Grid environments is one of the challenging problems
that has receved spedal attention in the past yeas. There ae different adivities that are related with
the term resource management. They include resource discovery, process heduling and job
exeadtion. Different Grid projeds provide diff erent solutions to these issues. An overall overview of
al these solutions can be obtained in [10]. In this appendix, we review the most relevant eff orts that
have been caried ou in terms of process sheduling. However, we dso describe some systems such
us Conda-G which are nat schedulers from are strict point if view, bu systems that manage the job
exeaution.

The AppLeS|[1] framework guides the implementation d appli cation-spedfic scheduler logic, which
determines and aduates a schedule austomised for the individual applicaion and the target
computational Grid environment. In contrast toe the Cros<Grid approad, the user hasto provide a
model that describes the main charaderistics of the gpli cation from the performance perspedive.
This model is later combined with information regarding the future performance of Grid
resources. And, as a result, a whole scheduling is obtained, which can be used to control the
exeaution d the goplicaion at runtime. In particular, AppLeS has been namally used together
with the NWS (Network Weéher Service) [14] which is a service that periodicdly monitors and
dynamicdly forecasts the performance various network and computational resources can deliver
over a given time interval. Most remarkably AppLeS efforts have targeted master-slave
applicaions [7,117].

ARMS [4] is an Agent-based Resource Management System for grid computing, which couges the
performance prediction d the PACE todlkit with a scheduling algorithm designed to manage a
locd grid resource ARMS uses agents which are viewed as representative of grid resources. The
information d ead resource can be alvertised within an agent hierarchy and agents can co-
operate with ead ather to dscover available resources. This resource discovery mechanisms
significantly differs form other grid approaches (such us those based on Globuws) that utili se
guery-based mechanisms for resource discovery and advertisement, and that have been adopted,
for instance, by the CrossGrid and DataGrid projeds.

The Condor-G system [8] is a grid resource manager that provides an APl and command line tools
that all ow the user to perform the foll owing job management operations:
- submit jobs, indicaing an exeautable name, input/output fil es and arguments,
- guery ajob's gatus, or cancd the job;
- be informed o job termination a problems, via cdlbadks or asynchronous
medhanisms;
- obtain accessto detail ed logs, providing a mmplete history of their jobs exeaution.

It has been designed primarily as a reliable front-end to a computational grid. It provides job
monitoring, logging, naificatiion, pdicy enforcement, fault tolerance, credential management, and
it can hande complex job-interdependencies. Conda-G ads as a grid resource manager by
exploiting GRAM, GASS MDS-2, and GSI services included in the Globus todkit. Conda-G
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functionaliti es are provided by a personal desktop agent and suppated in a Grid environment,
while guarantedng fault tolerance and exadly-once exeaution semantics. It is important to pant
out that Conda-G does nat addressthe important question d how to determine where to exeaute
user jobs. This role is left to a higher level authority. Cros<Grid Scheduling Agents will be
designed to addressthis problem and will use Conda-G as areliable grid resource manager.

The Datagrid Workload Management System [9] is awhale system currently under development in
the framework of the DataGrid projed that comprises sveral elements resporsible for resource
seledion and scheduling. CroosGrid Scheduling Agents have several connedion pants with it
and we will mention them below. The whole system comprises four comporents. the User
Interface the Resource Broker, the Job Submisson Service and the Logging and Bookkeeping
Service There ae severa similarities between DataGrid's approach and CrossGrid approad to
solve the management of jobs and resources. Both projeds base their resource management
services on two key comporents. ClassAds and Conda_G. The ClassAds library is the
foundhtion to represent jobs (in JDL), resources and carry out the matchmaking between jobs and
resources. Conda_G isthe core dement in the Job Submisgon Service Conda_G isresporsible
to manage the job submisgon, interfadng with Computing Elements, and providing several
recovery mechanisms from failuresin different Grid comporents. The Resource Broker isthe core
element in the workload management system. It finds sComputing Element for a submitted job
and passs it to the JSS It also kegps a permanent queue with all handed jobs. In the Cros<Grid
projed these functions the functionality of EDG Resource Broker have been split into the
Scheduling Agent and the Resource Broker which are dso arganised in a different way. The
Cros<Grid Resource Broker is only resporsible for matchmaking and there ae very few copiesin
agiven VO. Ancther difference with resped to EDG is that matchmaking in the CrossGrid case
will require to extend the Conda matchmaking framework to suppat both single resource and
multi ple resource seledion. Regarding SASs, there is one of them per user. Each SA will keep the
permanent information abou all user jobs and it will ensure that all necessary resources are @-
alocaed before pasing a parale job to Conda_G. It will also be resporsible to manage the
avail able resources in away that guarantees that high priority jobs (i.e. interadive) are életo run
as onas posshble, whilelesspriority jobs are @ther temporarily vacaed o suspended for alatter
resubmisson. The EDG User Interfaceis command-li ne based, while Cros<Grid will be based on
a web interface However, as no Logging and Bookkegiing service is being developed in
Cros<Grid, SAs will generate logging messages compatible with the EDG Logging and
Bookkeeping service

NetSolve [5] is a dient-server system that enables users to solve complex scientific problems
remotely and it . The system allows users to solve particular problems by accessng remote
libraries install ed acr oss a network. NetSolve dient library islinked in with the user's application
and then the agplicaion makes cdls to NetSolve for spedfic service NetSolve seaches for
computational resources on a network with the gpropriate services installed and runs them with
user supied inpu parameters. In contrast to the Crosgyrid projed, Netsolve does not addressthe
problem of submitting arbitrarily user applicaionsto run onagrid environment. Only preinstall ed
libraries can be accesxd through Netsolve and there is ome limited suppat for parallel
applications, which is based on a set of simple APl functions and an adaptive scheduling
mechanism for task-farming applicaions[6].

Nimrod-G [2] is a tod for automated modelling and exeaution d parameter sweep applicaions
(parameter studies) over global computational grids. It provides a simple dedarative modelli ng
language for expressng parametric experiments. One of the key comporents of Nimrod-G is the
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Nimrod-G Resource Broker. It is basicdly based on a Task-Farming Engine (TFE) that
constitutes the m-ordination pant for processes performing resourcetrading, scheduling, data and
exeautable staging, remote exeaution, and result collation, and a Scheduler that performs resource
discovery, trading and scheduling. In addition to the arrent Scheduler, TFE enables also
"plugging" of user defined schedulers.

Resource management and scheduling algorithms in Nimrod-G are based onecnamic principles
[3]. Spedficdly, it requires that eat user job haes a user-defined deadline and budjet constraints
for schedule optimisations. With this information, for instance the broker may try to med the
dealline (completion time) using cheg resources as mush as posdble. More expensive madines
might be added later if the broker predicts that the deadline would nat be met with the aurrent set
of resources. This econamy based scheduling approadh, howvever, is only feasible in the presence
of highly predictable farmer applications that can be decomposed in afixed number of small tasks
ead o which exhibiting a smilar exeaution time. In general, Cros<Grid appli caions dorit fulfil

these requirements. some of them can na be expressed as svee parameter applicaions, and no
informationis provided by the users abou the expeded exeaution time of ead applicaion.

Prophet [12,13 is a runtime scheduling system that, similarly to the AppLeS approad, exploits
application structure and system resourceinformation to promote gplication performance. It was
demonstrated ariginally in heterogeneous, locd-area networks, although its concepts could be
adapted to Grid environments. It's a scheduler tight with parallel applicaions written in the
Mentat programming language, afad that limitsits usability. Prophet wasinitially used with bath
SPMD applicaions and appli cations based ontask-parall el pipelines.
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