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Abstract

The definition of a generic Grid scheduling architecture is the concern of both the Open Grid Forum’s Grid
Scheduling Architecture Research Group and a CoreGRID research group of the same name. Such an architecture
should provide a blueprint for Grid system and middleware designers and assist them in linking their scheduling
requirements to diverse existing solutions and standards.Based on work executed within OGF related to scheduling
use cases and requirements, which tackles the problem from amore theoretical point of view, we approach in this
paper the problem practically by evaluating theteikokuscheduling framework in the light of standards-compliance.
The results of this evaluation and the existing Grid Scheduling Architecture proposal are set into context, existing gaps
are described and potential solutions to bridge them are introduced. In doing so, we concentrate on the interoperability
of schedulers and the necessity of a Scheduling DescriptionLanguage to achieve it.

1 Motivation

The overall goal of our work is the provision of a generic Gridscheduling architecture. This work is primarily
conducted by theGrid Scheduling Architecture Research Group(GSA-RG1) of the Open Grid Forum and a research

This research work is carried out under the FP6 Network of Excellence CoreGRID funded by the European Commission (Contract IST-2002-
004265).

1https://forge.gridforum.org/sf/projects/gsa-rg
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group of the same name placed within CoreGRID’s Institute onScheduling and Resource Management2. The primary
objectives defining the architecture are the following three:

1. Standards-compliance. The Grid scheduling architecture should, wherever possible, be based on languages,
protocols, and specifications which are standards-compliant.

2. Interoperability . Implementations following the Grid scheduling architecture blueprint should be interopera-
ble.

3. Universality. A realisation of the Grid scheduling architecture should be possible without following a specific
design paradigm or using a certain technology.

We approach the problem space from two viewpoints, a generic(and more theoretical) one defining generic use
cases and requirements, and from a practical one evaluatinga standards-based Grid scheduler (cf. Section 2). As
the former has already been described in a number of publications, we concentrate here on the latter by outlining
the features, design, and architecture of theteikoku Grid Scheduling Framework(TGSF; cf. Section 3). Based on
this framework and the research as well as production requirements set, we outline the gaps in the current standards
landscape, reflect upon interoperability of Grid schedulers, and sketch the efforts necessary towards a standards-
compliant, interoperable, and universal Grid scheduling architecture definition (cf. Section 4). In a concluding
section we describe the efforts already under way and the steps to be taken in the near future.

Please note that we use the term ”standards” in a wider sense throughout this paper. We do not merely refer to
fully specified, tested, and certified standards, but also tospecifications which are under development and are likely to
become standards some time in the future.

2 Problem Space

The scheduling and allocation of tasks, jobs, or workflows ona set of heterogeneous resources in a dynamically
changing environment is a complex problem. There are still no common Grid scheduling strategies available which
solve this problem and implementations of scheduling systems still require specific architectures customised for the
target computing platform and the application scenarios. Moreover, the complexity of applications, variety of user
requirements, and system heterogeneity do not permit the efficient manual performance of any scheduling procedure.

Although no common and generic Grid scheduler yet exists, several common aspects can be found examining
existing Grid scheduling uses cases [13] and Grid schedulers [12]. This leads to the assumption that a generic ar-
chitecture may be conceivable not only to simplify the implementation of different schedulers but also to provide an
infrastructure that enables interoperability between those different systems.

Furthermore, a number of standards that are useful in a Grid scheduling context are already specified and are
also implemented in a number of Grid middlewares and services. Such standards are – ideally – being developed
by consortia comprising representatives from academia andindustry. Regarding Grids, the respective consortium is
the Open Grid Forum3. It has produced scheduling-related standards like the JobSubmission Description Language
(JSDL [2]) for job submission, the Web Services Agreements specification (WS-Agreement [1]) for definition and
negotiation of Service Level Agreements, the OGSA Basic Execution Service (OGSA-BES [9]), which is used to
initiate, monitor, and control computational activities,or the OGSA Resource Selection Services (OGSA-RSS4), which
provide means to discover and selection resources.

Since we have already gained good understanding of common requirements regarding a Grid Scheduling Archi-
tecture, we decided within CoreGRID to tackle the problem also from a practical perspective in order to adjust our
theoretical findings. Our candidate Grid scheduler, which is described in detail in the following section, has been de-
signed and implemented with standards-compliance in mind.It is evaluated in the light of our architectural objectives
(see Section 1) and the findings are related to the general Grid scheduling requirements.

2http://www.coregrid.net/mambo/content/blogcategory/16/295
3http://www.ogf.org
4https://forge.gridforum.org/sf/projects/ogsa-rss-wg
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3 A Standards-based Grid Scheduler

Although Grid scheduling has become an important topic in various businesses and many commercial Enterprise Grid
solutions5 are available at the market, the development of advanced scheduling strategies and algorithms is mainly
a matter of scientific research. However, the transferability of the gained results into production environments is
problematic at best, since model assumptions are usually not in line with the conditions in enterprise scenarios.

The teikoku Grid Scheduling Framework tries to bridge the gap between research and production systems, the
requirements of which differ significantly:

• Research Requirementsinclude the availability of an extensible toolbox that supports the development and anal-
ysis of different models, algorithms, and strategies [8], [6]. Also, there is a strong need for high-performance
simulation capabilities and efficient evaluation tools.

• Production Requirementscomprise supports for easy deployment and configuration andscalability in large Grid
communities [7]. Furthermore, in order to enable interoperation with other existing systems, compliance with
open standards is needed.

Following, we depict the features and design ofTGSF as a basis for reviewing requirements and best practices
of real-world scheduling solutions. In this context, we highlight coverage and desiderata of current standards and
protocols regarding various requirements and features in such implementations.

3.1 Features & Design

As depicted in Figure 1, the architecture ofTGSF is divided into four layers, namely the Foundation Layer, the
Commons Layer, the Site Layer, and the Grid Layer. Note that,although the usage of Foundation and Commons are
mandatory and highly recommended, respectively, the different layers are loosely coupled and the inclusion of Site
and Grid into a system instance is mutually optional.

3.1.1 Architecture

Here the different layers with their features and integration points into common standards are described.
Foundation Layer. The basis forTGSF is an event-drivenKernel responsible for time management and event

dispatching. This kernel component uses an internal clock to isolate higher layers from the RTC and provide a common
abstraction for time instants and periods. Furthermore, itprovides an extensible type system which allows the handling
of domain-tailored events.

The behaviour ofTGSF however, does not depend on the kernel itself: in fact, itis determined by theRuntime
Environment, which – depending on the implementation – allows the realisation of real-time as well as simulation or
debugging systems.

Commons Layer. To provide general abstractions for management-related concepts, aJob Model, Metrics, and
Persistenceservices are supplied in this layer.

The job model uses a holistic view on units of work within a Grid environment: it consists of a description of static
job characteristics and resource requirements, a life-cycle which represents current and historic states of the job, and
a provenance that denotes the track or route a job has taken from its original submission until final assignment and
execution. In this context, JSDL [2] can be used to at least tackle the specification of static properties and resource
constraints for a job.

The metrics services provide a unified interface to the measurement data during runtime: values regarding different
aspects can be stored and retrieved, e.g. for supporting advanced decision strategies. Such metrics may include
traditional performance objectives such as response time and utilisation as well as accounting information such as
OGSA-UR [11].

The persistence services offer a common access to differentstorage mechanisms for recording and replaying
metrics values, e.g. files and relational databases as well as standard resource usage services as defined by OGSA-
RUS.

Site Layer. The management of a distinct set of resources is conducted by the Site Layer, which abstracts the im-
plementation of scheduler functionality, see Figure 2. In addition to appropriate data structures for keeping information

5Such as LSF (http://www.platform.com).
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Figure 1: Architectural view of the Teikoku Scheduling Framework

on the current schedule, it allows the application of assignment strategies during runtime, and offers a Service Provider
Interface (SPI) towards traditional LRMSs. These interfaces might conform to the wide spread DRMAA [3] standard,
but also to OGSA-BES [9], OGSA-HPCP [4], or more traditionalprotocols such as Globus WS-GRAM [5] or the
POSIX batch management family of commands [10].

Although the strategies calculate the assignment of work toresources, their results have advisory character: they
propose their solutions to the scheduler which in turn decides on the actions to take. This allows the scheduler to
consult multiple strategies at a time and select the most appropriate solution.

The information provider bundles static as well as dynamic site information such as number of resources, cur-
rent utilisation etc. and exposes this data to the other SiteLayer components and – at least partly – to the global
environment.

Grid Layer . In order to enable an interaction component for the distribution of workload to other participating
sites within a Grid environment, the Grid Layer provides facilities for the policy-based exchange of jobs.

Depending on the Grid environment’s scheduler topology, the Decision Makercomponent has different respon-
sibilities. In centralised or hierarchical environments,it’s main task is the acceptance of jobs and their assignment
to underlying resources or subordinate brokers. In decentralised scenarios, the redistribution to other decision mak-
ers is conducted additionally; the decision on the modalities is based on a set of policies regarding acceptance and
distribution of jobs. A basic standard to be used in this context is the WS-Agreement [1] specification.

3.1.2 Control Flow

In order to demonstrate the dynamics withinTGSF during a job scheduling life-cycle, we give an overview on the
control flow within and between the different components andlayers. Note that we assume a topology of equitable,
P2P-like arranged sites with autonomous operation characteristics.

A job enters the system through the Grid Layer’s submission interface in the decision maker, either submitted by a
local user or a decision maker from a remote site. The decision maker then decides—based on its policy set—whether
to execute the job locally or to reject or redistribute it. For this purpose, it may use the local Information Provider to
support its decision. In either case, it updates the job’s life-cycle and provenance information.

CoreGRID TR-0123 4



Figure 2:TGSF’s Site Layer

In case of acceptance, the decision maker then hands over thejob to the scheduler in the Site Layer. From this
point on, the local scheduler is responsible for the job’s execution. The scheduling process is supported by scheduling
strategies that evaluate the current system state and consequences of resource assignments. Based on the strategies’
advice, the scheduler is able to decide on the next actions totake, which can again result in redistribution of the job or
a final assignment to selected resources.

While the scheduling strategies rely on the information which is provided by the metrics and the job model from
the Commons Layer to generate an advice, the operation of thewhole system is controlled by the runtime environment
abstraction and the underlying event management from the Foundation Layer.

4 Bridging the Gap – The Grid Scheduling Architecture

The previous section gave some architectural details of theTGSF and pointed out several interfaces between services
and layers where standardised protocols can be used to ensure a flexible and customisable application of the framework.

Although there are already a couple of possible solutions for workload submission, job description, metrics and
persistence, for several important interfaces in the grid scheduling context either no or not adequate standards exist,
yet. One goal of this section is to highlight these gaps and todefine requirements for possible solutions (cf. Sub-
section 4.1).

Furthermore, this section outlines the efforts necessary to bridge the gaps (cf. Sub-section 4.2) and links them
with existing standards to provide a Grid scheduling framework to test the interoperability of Grid schedulers (cf.
Sub-section 4.3). This interoperability test together with the theoretical work described in this paper provide the
foundations to define the Grid scheduling architecture. A side-effect of our work is that we evaluate the relations of
the different OGF specifications and groups in the scheduling domain, point out where things are missing, and help to
sketch a broad picture.

4.1 Existing Gaps

4.1.1 Job Model

The description of a job is mainly covered by JSDL: many aspects such as resource requirements, execution param-
eters, and input/output data definitions are defined thereinand its extension mechanism allows proprietary enhance-
ments. However, JSDL does not support the description of user-specified and scheduling-related constraints such as
requested start times, due dates and deadlines, or runtime estimations.

The tracking of a job’s life-cycle is also currently not properly standardised. Although OGSA-BES defines a very
basic state model, it does not relate to intermediate statesduring the process of scheduling a job. Furthermore, no
common interface to access the entire life-cycle of a job exists; one can only retrieve its current state.

CoreGRID TR-0123 5



The same holds for storing and retrieving provenance data ofa job. Especially in distributed architectures this
information is essential not only to the user, but also highly beneficial for supporting the decision process of scheduling
strategies.

4.1.2 Algorithm & Policy Model

Since the design of advanced scheduling strategies is a complicated task which is mostly conducted in research, an
easy integration of developed results into available Grid scheduling products would be highly desirable.

To this end, a standardised interface for pluggable decision strategies is needed to enable the simple deployment
of newly created algorithms into production systems. Besides that, such an approach would support an integrated
development life-cycle for such algorithms, since both test/simulation environments as well as real-world systems
would behave in a similar way. A possible first step towards such an interface could be the aforementioned advisory
characterisation of strategies, where the scheduler requests possible solutions to reach an adequate decision.

The same problem applies for acceptance and distribution policies on the Grid interaction level.

4.2 Bridging the Gaps

From the architectural point of view, which is the focus of our work and hence this paper, solutions to overcome the
issues related to the Job Model are those of interest since they prevent us from realising a Grid scheduling architecture
with the characteristics given in the first section. The Algorithm & Policy Model related shortcomings outlined above
need solutions, too, but those are currently not in the focusof our work as they are related to scheduler-internal
architecture which we treat as a black box in the light of a general Grid scheduling architecture.

JSDL’s extension mechanism has a negative and a positive effect. Negative is the fact that it can (and is) used
to extend JSDL to realise proprietary enhancements which run counter to the idea of interoperability. Advantageous,
however, is the extension mechanism to specify all the missing scheduling-related constraints.

To restrict the usage of JSDL to a limited number of attributes we decided to define aJSDL Profile, like it is e.g
done by the OGSA-HPC group, to achieve an ”a priori” agreement between interoperable schedulers. This profile
defines in detail the supported JSDL attributes and how they are to be interpreted. Regarding the scheduling-related
attributes which are not included in JSDL, we introduce theScheduling Description Language(SDL). The goal is to
provide a basic set of scheduling attributes that must be handled by Grid schedulers. Candidate attribute categories
are time constraints, job dependencies, job priorities, scheduling objectives/preferences, data-dependent scheduling
information, and queue-based scheduling information. These attributes may be referenced in SLAs negotiated between
Grid schedulers, used for scheduling decisions, or exploited to execute a job by a local resource management system.

Regarding the life-cycle of a job, there is the OGSA-BES extension mechanism to its state model which allows the
definition of domain-specific sub-states. But as far as the access to the life-cycle of a job and and its provenance data
is concerned, only initial effort has been taken by the JSDL group.

4.3 Scheduler Interoperability

The interoperability test of Grid schedulers is another major step towards a Grid scheduling architecture. It makes use
of Grid scheduling uses cases and requirements, the resultsfrom theTGSF evaluation, and integrates the JSDL Profile
and the Scheduling Description Language with existing standards. The scenario requires that participating schedulers
interoperate with each other in a case where one scheduler isunable to fulfil a scheduling request and delegates it to
another scheduler.

The following interactions to reach agreement on the delegation of a scheduling decision are required (see Fig-
ure 3):

• Scheduler A, which realises an OGSA-RSS Execution PlanningService (EPS), cannot fulfil a scheduler request.
The JSDL Profile-compliant job together with the SDL attributes is part of this request.

• The request is passed to Scheduler B, using WS-Agreement (please note that we assume that this request crosses
administrative domains and we therefore rely on Service Level Agreements).

• Scheduler B checks its capabilities.

• Scheduler A and B agree/disagree on the conditions to fulfil the request (again using WS-Agreement).

CoreGRID TR-0123 6
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Figure 3: Interoperability of Grid Schedulers using OGF standards

• Scheduler B fulfils the scheduling request either directly by passing the job to an OGSA-BES service, by nego-
tiating with another (local) scheduler, or by contacting some proprietary service.

Calls to a registry, which has OGSA-RSS’ Candidate Set Generator capabilities, to check schedulers’ capabilities and
queries to local Grid Information Services (GIS) are also part of the information flow of the interoperability test.

Once the participating schedulers have implemented the interoperability interfaces and protocols and the test has
been conducted, the GSA-RG will be able to finally define a Gridscheduling architecture in an standards-compliant
landscape.

5 Status Quo & Outlook

The JSDL Profile and the SDL, which have been introduced in theprevious section as potential instruments to fill the
most important gaps en route to defining a standards-compliant, interoperable, and generic Grid scheduling architec-
ture, exist as draft specifications. The GSA-RG is currentlyworking on the finalisation of these documents together
with other groups at the Open Grid Forum. This work is executed under the umbrella of an scheduler interoperabil-
ity test where CoreGRID partners plan to implement the interoperability architecture sketched in Figure 3. In this
test currently participate the Viola MetaScheduling Service6 and the Grid Resource Management System7, but other
CoreGRID partners have already expressed their interest. The evaluation of this test together with the findings from
the theoretical evaluations will finally result in the definition of a standards-compliant, interoperable, and genericGrid
scheduling architecture.
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