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Abstract

The exploitation of service oriented technologies, such as Grid comput-
ing, is being boosted by the current service oriented economy trend, leading
to a growing need of Quality of Service (QoS) mechanisms. However, Grid
computing was created to provide vast amounts of computational power but
in a best effort way. Providing QoS guarantees is therefore a very diffi-
cult and complex task due to the distributed and heterogeneous nature of
their resources, specially the volunteer computing resources (e.g., desktop
resources).

The scope of this paper is to empower an integrated multi QoS support
suitable for Grid Computing environments made of either dedicated and vol-
unteer resources, even taking advantage of that fact. The QoS is provided
through SLAs by exploiting different available scheduling mechanisms in a
coordinated way, and applying appropriate resource usage optimization tech-
niques. It is based on the differentiated use of reservations and scheduling in
advance techniques, enhanced with the integration of rescheduling techniques
that improve the allocation decisions already made, achieving a higher re-
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source utilization and still ensuring the agreed QoS. As a result, our proposal
enhances best-effort Grid environments by providing QoS aware scheduling
capabilities.

This proposal has been validated by means of a set of experiments per-
formed in a real Grid testbed. Results show how the proposed framework
effectively harnesses the specific capabilities of the underlying resources to
provide every user with the desired QoS level, while, at the same time, opti-
mizing the resources’ usage.
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1. Introduction

The exploitation of service oriented technologies, such as Grid and high
performance computing environments, is being boosted by the current ser-
vice oriented economy trend [1], leading to a growing interest of Quality
of Service (QoS) mechanisms [2]. However, Grid computing was conceived
to provide vast amounts of computational power, of a wide variety and geo-
graphically dispersed resources, but in a best effort way. Therefore, providing
QoS guarantees is a very difficult and complex task due to the distributed
and heterogeneous nature of their resources, specially the volunteer com-
puting resources that can be available (e.g., desktop resources). Moreover,
this fact becomes even more complicated when considering efficient resource
usage and user prioritization.

Service Level Agreements (SLAs) have become the key element to sup-
port and empower QoS in these environments, but they have also become
necessary in order to enforce service utilization policies and usage commit-
ments. SLAs can be defined as service agreements between users and service
providers, in which all expectations and obligations of a service are explicitly
defined [3]. Therefore, they are used as formal method between the users
and the infrastructure to define the required QoS. Moreover, SLAs let the
system know what performance the user expect for their jobs, which can also
be used to help the system to perform smarter scheduling decisions.

In this work, SLAs with different service levels are designed in order to
allow the users to define their requirements in a better way. Users define their
QoS requirements in high-level SLA metrics that are mapped to the low-level
resource metrics used by the proposed framework within Grid environments.

Unfortunately, SLAs do not provide autonomous QoS handling mecha-
nisms. This task lays on the infrastructure manager, which needs to map
the requirements agreed on the SLAs with its infrastructure services and del-
egate them to an automatic resource brokerage, most known as scheduling
systems [4]. Generally, Grid resources are owned by different entities (e.g.
users, Universities, etc.) and in some cases, these resources are only avail-
able when they are not being used by their owners. They are also known as
volunteer resources and sometimes belong to the Grid and other times not.
On the contrary, there may be other resources, known as dedicated resources
which, despite being shared amongst different users, present a more reliable
performance since their usage may usually be reserved and usually remain as
part of the Grid. This dynamic behavior in the resource availability makes
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difficult to develop an efficient scheduling algorithm to avoid SLAs violations.
Consequently, there is a need of a SLA management framework able to estab-
lish usage commitments with the users and handle the resources through the
available scheduling mechanisms in order to maximize the resources usage
and fulfill users expectations.

The proposal presented in this work tackles this complex issue by making
use of different scheduling in advance algorithms in a combined way within
the same framework depending on the commitments established on the SLAs.
More precisely, Reservation in Advance (RA) and Meta-Scheduling in Ad-
vance (MSA) approaches have been used as the basis of the proposal.

RA can be defined as a limited delegation of a particular resource capabil-
ity over a defined time interval [5]; and MSA can be defined as the first step
of the RA process, that is, the resource selection for the defined time inter-
val, but without performing any physical reservation of its usage. These two
approaches face the scheduling problem from different points of view. RA
tries to ensure specific resources on a determined time window, while MSA
focuses on keeping track of the scheduled jobs and resource usage in order
to take future scheduling decisions. These two mechanisms can be comple-
mented with prediction algorithms (that can be used to forecast the resources
performance and act consequently) and rescheduling algorithms (which try
to reorganize the schedule at run time).

The main purpose of this paper is to empower an integrated multi QoS
support within Grid computing environments where different types of re-
sources (volunteer and dedicated ones) presenting different reliability and
confidence belong to the system. This is provided through SLAs, exploiting
the aforementioned different QoS mechanisms in a coordinated way, in order
to guarantee the agreed QoS in terms of timing and reliability. Subsequently,
resource usage is optimized by applying the most appropriate technique to
support any desired QoS level of performance.

In order to build a trustable computing environment over an infrastruc-
ture that it is not (i.e., it is based on volunteer resources), the framework
proposed in [6, 7] for multiple QoS levels and SLA support within Grid en-
vironments has been enhanced. The above described QoS mechanisms are
mapped to each QoS level, in order to exploit them in an organized and
coordinated way. The most trustable resources (dedicated ones), with the
stronger technique (RA), are used when the QoS required is higher and con-
versely when lower. Besides, the framework has been extended with the im-
plementation of rescheduling techniques, to further increase resource usage
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and facilitating the provision of the different levels of QoS offered.
To summarize, the main contributions of this paper are: a) the orchestra-

tion of different scheduling and reservation in advance algorithms together
with predictive techniques in order to match the user requirements; b) the
use of rescheduling techniques to reduce the fragmentation of the system,
maximizing the amount of SLAs processed, and minimizing the number of
SLA violations, whilst at the same time improving the ratio of jobs that can
be processed with higher QoS requirements; and finally c) a comprehensive
evaluation of the framework in a real Grid testbed.

The structure of this paper is as follows. In Section 2, the sample sce-
nario (with the problem of QoS integration) to be faced is presented whilst
some background about the QoS mechanisms this work is focused on are
outlined in Section 3. Then, Section 4 defines the proposal of this work,
namely, how to integrate and manage multiple QoS mechanisms in a coor-
dinated way. Section 5 describes the reference architecture used in order
to make a proof–of–concept implementation of the proposal. Subsequently,
performance evaluation results are presented in Section 6, and related work
is presented in Section 7. Finally, conclusions and suggested guidelines for
future work are outlined in Section 8.

2. Sample Scenario

Providing QoS guarantees to users is a very difficult and complex task,
specially within Grid environments that includes volunteer resources. Its
distributed and heterogeneous nature, together with the variety of resources
that can be available (and that may leave the Grid the next moment), the
user expectations and the lack of total control over the resources, difficult
the optimal exploitation of all resources. In order to tackle this issue there
is a wide variety of QoS mechanisms (such as: meta-schedulers, negotiation,
reservations, security, etc.) that have been deeply researched. But, each one
has been designed to act at a different level and with different purposes.

Figure 1 presents a generic Grid environment for a better understanding
of their architecture and usage workflow. Grid environments are composed
of a collection of computational resources and a pool of users who wish to
run their applications or jobs on the Grid. Among those resources, some
of them are dedicated (more reliable) while others are shared in a volunteer
way, belonging to the Grid at one moment and being able to leave it at any
time. The first challenge is to establish an agreement about the service that
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Figure 1: Sample Scenario.

the user wants and the one that the system is able to provide. Then, the next
challenge is how to manage the jobs into the Grid to ensure their performance
and avoid any kind of agreement violations. Furthermore, achieving high
utilization by better using the resources to make possible the acceptance of
more requests is also a challenging task.

This is therefore a problematic scenario for enhanced QoS provisioning,
specially when dealing with volunteer resources within the Grid infrastruc-
ture. Moreover, users do not have a uniform behavior. The amount of
requests arriving to the Grid can be very varied, in terms of frequency and
requirements. They must be attended and processed, offering the best QoS
possible. However, different requests may need to be differentiated and their
peculiarities determined in order to know which mechanism can empower the
QoS that every particular request needs.

To address these challenges, we present a novel differentiated QoS aware
framework considering multiple SLAs for service usage enforcement in Grid
systems. SLAs represent the first QoS mechanism that any request can find
in a Grid environment. They are used to specify the user expectations in
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terms of suitable metrics to evaluate their fulfillment, and establish a formal
contract which both (user and service provider) agree. But Grid environ-
ments shared nature, that depends on multiple and independent resource
owners with unpredictable behavior, difficulties their management. Thus,
SLAs are mainly used to enforce the agreed utilization terms although there
are a number of issues that still have to be addressed, such as penalties,
billing, provider trusting, third party monitoring services, incomplete or un-
clear service specifications, etc. Then, thanks to the information provided by
the users on those SLAs, better QoS can be provided. By using the informa-
tion regarding how strong the QoS requirements are, the scheduling action
can be carried out in a smarter way, providing more QoS assurance when
needed and using other less reliable resources when not. That is, SLAs are
used as a hint on the performance expected by users.

Right after SLA management in the stack, schedulers become the next
QoS mechanism (which is monitoring dependent). Schedulers are designed
to handle user’s requests. They implement scheduling algorithms in order to
exploit resources in an optimized way. However, not all the schedulers are
prepared to provide support for all terms defined on an SLA (as they can be
very varied) and a translation from SLA terms into computer understandable
metrics needs to be addressed. As a consequence, smarter schedulers or an-
other kind of mechanisms are needed in order to provide support for the SLA
requirements. Furthermore, the monitorization also needs to be improved in
order to provide support for new metric definition.

One of the most important terms that usually appear on an SLA are the
time constraints (very common within application workflows). There are two
main scheduling mechanisms to support time constraints: Meta-Scheduling
in Advance (MSA) and Reservation in Advance (RA).

Both of them depend on the environment, since Grid middlewares do not
implement these mechanisms by default (they can be found as external mod-
ules) [8]. Consequently, they have to be deployed in order to exploit them.
MSA and RA tackle the same problem, which is to plan and control future
executions, but from a different point of view and by means of implementing
different algorithms. They can be found on different levels within Grid en-
vironments, as MSA is usually located over the middleware and RA within
each Local Resource Management System (LRMS).

Prediction and rescheduling appear as other mechanisms that can com-
plement RA and MSA. Rescheduling focuses on resource scheduling reor-
ganization in order to improve the performance of the whole system. And
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prediction pushes for future knowledge of the resources in order to evaluate in
advance their availability, performance, etc. There is a wide variety of algo-
rithms for both of them [9, 10, 11]. In addition, QoS mechanisms like policy,
security, redundancy and fault-tolerance, can also be found very important
since they are designed to increase the guarantees on each job execution.

To summarize, there are several mechanisms at our disposal in order to
improve and ensure the QoS. But there is a lack of interaction among them
by definition because they focus on different points of view to tackle QoS
provision. The objective of this work is to exploit the available scheduling
mechanisms in a combined and coordinated way.

3. Background

This work focuses on: Service Level Agreements (SLAs), Reservation in
Advance (RA), Meta-Scheduling in Advance (MSA) and Rescheduling; and
how to exploit them at the same time in a coordinated way. Hence, this
Section presents a brief survey of these mechanisms individually, emphasizing
the advantages and disadvantages for each one.

3.1. Service Level Agreements

One of the most QoS-enabling mechanism nowadays is SLAs. Its main
objective is to provide the QoS negotiation feature, between users and service
providers, in a standardized and formal way.

SLAs can be defined as contracts between users and service providers, in
which all expectations and obligations are explicitly defined [3]. They repre-
sent a legal statement of the QoS expectations established on each SLA that
both participants of the negotiation expect to achieve and the responsibilities
and obligations that both participants assume.

There have been many efforts within the SLA topic. Among them, it
must be highlighted the Grid Resource Allocation Agreement Protocol Work-
ing Group (GRAAP-WG) of the Open Grid Forum (OGF) effort on SLAs
standardization, which resulted on the WS-Agreement specification [12, 13],
which can nowadays be considered the most important. Therefore, this work
is focused on the WS-Agreement specification.

However, the WS-Agreement specification only defines the structure and
negotiation protocol. As a consequence, SLAs do not provide autonomous
QoS handling mechanisms, nor detailed information about the terms that
may appear on an SLA.
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WS-Agreement considers a simple negotiation protocol (Figure 2a) on its
first specification, which starts with a query from the user to the service
provider and it responds with an SLA template/s (plain SLA structure with-
out term values). On receiving the templates, the user fills the terms with the
requested needs (formalizing the SLA) and sends it to the service provider.
Subsequently, the service provider checks if it is properly formed and takes
the decision on acceptance or rejection of the SLA. For both decisions, the
user receives a message with the result of the decision: a rejection message
if rejected or an acknowledgement message (ACK) with the corresponding
endpoint reference (EPR) if accepted.

(a) Basic protocol. (b) Extended protocol.

Figure 2: WS-Agreement negotiation protocol.

The WS-Agreement extension introduces the renegotiation process into
the negotiation protocol (Figure 2b). The main difference is that this protocol
enables a loop between user and service provider on which the SLA can
be polished with an offer–counteroffer model. Consequently, it adds more
flexibility into the negotiation process.

WS-Agreement considers the templates as open contracts, where the ser-
vice provider specifies the service terms that are offered. However, some
restrictions must be respected, such as the structure. The structure defined
by WS-Agreement for templates and SLAs consists of four blocks:
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1. Name: Where the name of the agreement is specified (for human iden-
tification).

2. Context : All agreement details are specified (e.g., client and provider
ids).

3. Service Terms : It contains all terms related to assurances and required
commitments.

4. Guarantee Terms : With the QoS values expected.

In addition, another block appears in templates, named Constraints, which
is used by the service provider to specify all the creation constraints.

In our work, some templates for specifying the user QoS have been defined
and a negotiation protocol according to WS-Agreement is used.

3.2. Reservations in Advance

The aim of Reservations in Advance (RA) is to provide QoS by ensuring
that resources are available when jobs need them (for defined time peri-
ods) [5].

The reservation process can be divided into two main steps:

1. Selection of the resources where the job will be executed. This stage
requires to control the future schedule of each resource.

2. Reservation, i.e., to perform the physical reservation of the resources
needed for the job.

This is a mechanism implemented within LRMS and widely used within
cluster environments, where it is particularly useful (due to the local man-
agement of these resources) for applications with huge resource requirements
and that need a concurrent guaranteed allocation of resources. It excels as
a resource assurance feature for specific time windows and even for internal
resources characteristics, e.g., amount of RAM. PBS [14], Torque [15] and
Sun Grid Engine (SGE) [16] are good examples of cluster schedulers that
provide support for reservations.

However, reservation cost is higher than traditional mechanisms for batch
queuing jobs [17]. Moreover, when extrapolated to Grids, reservations are
not always feasible as this feature is not available in all resources associated
to the Grid. Thus, their usage (if available) may be limited by the resource
owner, as it is necessary to have specific permissions to use this feature.
And even with permission, it can be policy dependent; this means that the
priority is subject to the resource owner policy. Other disadvantage inherent
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to the usage of reservations is fragmentation. This happens in non adjacent
requests scenarios.

Our work is not focused on a specific scheduler, as we provide a customiz-
able handler that can perform reservations in any LRMS.

3.3. Meta-Scheduling in Advance

Meta-Scheduling in Advance (MSA) focuses on the first step of the RA
process, where resources are selected and their future schedule is controlled.
But it does not perform any physical reservation of any resource, resulting
in a non invasive mechanism.

As a consequence, MSA has high adaptability (it can work with any kind
of resource associated to the Grid) within a Virtual Organization (VO).

With MSA, resources are not ensured, and the MSA system has more
flexibility and is able to adapt to any dynamic change of the Grid environ-
ment. Profiling, reschedule and forecast mechanisms therefore become really
important in order to improve the whole system performance.

MSA can be seen as a light version of RA due to the fact that this mecha-
nism allows to perform modifications on the scheduling on–the–fly. Depend-
ing on the margins between the user requirements and the real execution time
(profiled or forecasted), the schedule can be optimized in such a way that
resource usage keeps as high as possible, as reservations are not performed.

As a drawback, MSA cannot ensure resource availability (as they are
conditioned by the resources owner usage, such as: heavy processes load).
Thus, the QoS cannot be ensured with the same level of guarantee as with
RA.

SA-Layer [18] enacts a pure implementation of this QoS mechanism, so
we focus on it.

3.4. Rescheduling

Rescheduling is a feature that can be available within scheduling systems.
The objective of this feature is to reorganize the schedule by performing mul-
tiple (re)scheduling processes in order to optimize its performance. In order
to do that, this feature considers the migration of jobs between resources and
time. It can work easily within MSA, as well as with RA, provided that job
QoS requirements can be fulfilled with another resource that is not explicitly
specified.
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On the contrary, the rescheduling process includes a computational over-
head, that increases as the environment and the scheduling needs grow.
Hence, rescheduling needs to be carefully applied.

The rescheduling algorithm can be triggered by:

• Periodical events : The rescheduling process can be performed periodi-
cally in order to keep an optimized schedule.

• On demand events : Rescheduling may be necessary when the fragmen-
tation is over a defined threshold, when resource usage is unbalanced,
or triggered by any other circumstance, such as a job rejection.

• Unexpected events : Undesirable events can force the need of a reschedul-
ing process (e.g., resource disconnection, resource performance drop,
network failure, etc.).

Rescheduling can be enabled in the latests versions of the SA-Layer [18].

3.5. Other QoS mechanisms

There are other QoS mechanisms that must be highlighted, such as fore-
casting, profiling and policy definition. These mechanisms can be used within
MSA, RA and Rescheduling in order to improve or condition their perfor-
mance.

Policies help service providers to prioritize jobs and/or resources (such
as fair–share usage [19]). Forecasting and profiling can be used in order
to collect more information about the jobs, their executions, their behavior
within resources or users requests. Therefore, this information can be useful
to optimize the scheduling and even to improve the policies. This mechanisms
are even more interesting within self–tuning systems.

Furthermore, there are other QoS mechanisms not related to scheduling
which are also important, such as security, redundancy and fault-tolerance.
These mechanisms empower the reliability of the QoS, but they are out of
the scope of this work.

4. Proposal

The scope of this paper is to empower an integrated QoS support within
an infrastructure that was build to provide computing power in a best-effort
way, as it includes volunteer resources amongst others. This is addressed
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through SLAs by exploiting different available scheduling mechanisms, with
the objective of improving and/or ensuring the agreed QoS. In order to
achieve this, how the different QoS mechanisms are used and interact are
defined.

As reviewed in Section 2, the problems tackled in this article are very
complex and need to be addressed carefully. Not all mechanisms can be used,
other cannot be used together, and what is more important, it is necessary
to ensure that the QoS mechanisms do not negatively interfere among them.

The proposal presented in this work focuses on SLAs, Reservation in
Advance (RA), Meta-Scheduling in Advance (MSA) and Rescheduling (and
how to exploit them at the same time) by extending the framework proposed
in [6]. In addition, the mechanisms inherently provided by the middleware
are used, such as: resource discovery, scheduling and security.

SLAs are a static mechanism to interact with the users and translate
their expectations in terms of QoS into low level requirements with the main
objective of service terms enforcement, whilst RA and MSA are mechanisms
that provide support for the jobs associated to each SLA in scheduling terms.
RA and MSA differ on how to handle these jobs looking for the best QoS as
possible. Therefore, we propose to make them work together in a coordinated
way, as they are not originally designed to work together and have different
performance, behavior and QoS guarantees.

To achieve this goal, a multi-level QoS schema based on time requirements
is used, whilst SLAs are used to specify the user requirements and classify
them among these levels of QoS. Moreover, these requirements are mandatory
in order to use RA and MSA.

The terms that can be specified are: start-time (tS) and deadline (tD).
The tS and tD terms are used to specify the time window for executing
the job associated to each SLA, although the job will likely need less time
than specified by this time window. If the execution does not respect this
parameters, the SLA is automatically regarded as not fulfilled or violated.

As a multi-level QoS schema, another parameter to define the confidence
on its execution (regarding the importance on the job that the user expects)
is needed, as tS and tD terms only specify when the job has to be processed.

Our proposal uses the three level QoS classification based on the confi-
dence that the user expects for the execution of the job associated to each
SLA proposed in [6] independently of the amount of users and jobs at the
same time.

The three level QoS confidence are defined with the Bronze, Silver or Gold
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labels. The values of the time parameters for the three level QoS proposal
are:

• Weak → tS = 0 tD = ∞ QoS = Bronze

• Moderate → tS = t1Start tD = t1Deadline QoS = Silver

• Strong → tS = t2Start tD = t2Deadline QoS = Gold

The lowest QoS service (Weak) corresponds to a best–effort service, with-
out temporal restrictions. For the jobs associated to this QoS level, the start-
time can be omitted or set to zero (as it will be executed as soon as possible)
and the user does not care about the deadline. So, the deadline in this case
is infinity and it can also be omitted. This does not mean that they will last
forever, the sense of deadline is that the user is not concerned about when
the job finishes. So, the jobs associated to this QoS level can be scheduled on
low confidence Grid resources, such as the ones whose usage can not be phys-
ically reserved (e.g. desktops resources). Anyway, a really loose deadlines
(i.e., a day) are internally defined for those jobs to avoid some starvation.

For the Moderate and Strong QoS levels, the start-time and deadline are
set by the user to their needs, but the difference between them is the expected
confidence on its execution. It can be Moderate or Strong, depending on
the user needs for the reliability expected from the service for each job:
the Moderate level takes care of the service but does not totally ensure the
availability of the resource where the execution is scheduled; on the contrary,
the Strong level ensures the resource availability by only using high confidence
resources associated to the Grid, i.e., those that support RA mechanisms.

Moreover, as presented in [6] and assuming that no resource is switched
off, this QoS differentiation with RA mechanisms ensure that Gold accepted
requests will be executed meeting the time constraints, but at expenses of
fewer jobs been accepted. To try to solve this problem, in this work we
propose the inclusion of rescheduling techniques that allow the system to
accept a greater amount of jobs, whilst at the same time providing (at least)
the same confidence.

The inclusion of these rescheduling mechanisms has an impact in all QoS
levels, since it focuses on the reorganization of the jobs associated to each
SLA. But for our proposal we only consider rescheduling for Weak and Mod-
erate QoS levels (namely, Bronze and Silver SLAs correspondingly), since
one of the objectives is to ensure the achievement of Strong QoS level SLAs
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(namely, Gold SLAs). Consequently, with the usage of this mechanism we
expect to improve resource usage, as well as to increase the acceptance rate
prioritized by QoS level. But due to the fact that our proposal distinguishes
three kind of QoS levels (consequently, three kind of SLAs) and two kinds
of resources (high confidence and low confidence resources), the rescheduling
needs to be tuned accordingly (Figure 3).

The amount of levels is not increased with the inclusion of reschedul-
ing techniques, since it performs internal optimizations that are transparent
to the user, with the objective of providing a better QoS and resource uti-
lization. Furthermore, this fact helps on the evaluation of the performance
between proposals, and allows to analyze the impact of the new mechanism
in conjunction with MSA and RA.

Figure 3: Modifications

Gold SLAs are not considered in the rescheduling process (unlike Silver
and Bronze SLAs) due to the fact that the system performs physical reser-
vations in advance for this kind of SLAs, so Gold SLAs can not be disturbed
by other kind of SLAs. Each Gold SLA accepted is mapped to a resource
with RA capability (1 ), reserved for the time requirements established, on
which the associated job execution is processed. Therefore, the RA system
guarantees the availability of the resource for the accepted Gold SLAs. More-
over, since Gold SLAs can only be mapped to resources with RA capability,
the amount of this kind of resources limits the amount of Gold SLAs that
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can be accepted and processed with the same time requirements, avoiding
a Gold SLAs flooding by rejecting them instead of accepting and violat-
ing their agreed terms. Consequently, rescheduling is focused on Silver and
Bronze SLAs. In addition, if too many users are requesting Gold QoS, but
not enough resources are available, besides rejecting the requests, the system
may offer the users to schedule the jobs with a less strong QoS level, such
as silver SLA. But in order to exploit this mechanism renegotiation becomes
necessary, which is considered for future work.

The jobs associated to Silver SLAs can be processed in any resource asso-
ciated to the Grid. But the SA-Layer has been modified to be able to check
high confidence resources first (2 ), and in case of an impossibility of allo-
cating the job on this kind of resources, check low confidence resources (3 ),
where, according to the prediction techniques, is feasible to execute it fulfill-
ing their time constrains. Accepted Silver SLAs can be rescheduled, but in
order to keep the priorities defined for the three QoS levels, the rescheduling
process is conditioned. When the job associated to a Silver SLA has been
successfully allocated on a high confidence resource, this may be affected by
two factors: first, the Gold SLA acceptance, and second, the availability of
high confidence resources. In the first case, the job associated to a Silver
SLA is rescheduled if it has been allocated on a resource with RA capability
and an incoming Gold SLA (higher priority) that needs the same resource
for the same time requirements collide. So, the rescheduling mechanism tries
to move the job associated to the Silver SLA to another high confidence re-
source (4a) in order to allow the system to allocate the new job associated
to the Gold SLA. In the second case, if there are no available resources on
the high confidence group, the jobs associated to Silver SLAs can be sched-
uled into low confidence resources (4b). Every job associated to Silver SLAs
that has been scheduled into low confidence resources can be rescheduled in
resources from the same group (4c). They are not rescheduled within high
confidence resources, since these resources have been previously checked. It
must be noted that to be able to move a Silver SLA associated job, the QoS
agreed must be kept. This means that a Silver SLA associated job is moved
if (and only if) it can be reallocated in another resource/time still fulfilling
the QoS requirements agreed. This limitation on the resources where Silver
SLA associated jobs should be rescheduled improves the performance of the
rescheduling process since the amount of resources to check is delimited.

Finally, the jobs associated to Bronze SLAs can only be processed in low
confidence resources (low confidence, e.g., volunteer resources) (5 ). And the
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rescheduling process can only schedule the execution in other low confidence
resource (6 ), conditioned to the jobs associated to Silver SLAs. That is,
jobs associated to Bronze SLAs can be delayed (since they lack of time re-
quirements) when a job associated to a Silver SLA is scheduled in the low
confidence resources group.

5. Implementation details

In this work, the framework proposed in [6] for multiple QoS levels and
SLAs support within Grid environments (Figure 4) is extended to improve
the resource usage, and consequently, to enhance the QoS provided by intro-
ducing rescheduling techniques. The framework is composed of two layers,
known as SLA-Manager and SLA-Backend, with clearly delimited responsi-
bilities that lay on top of the SA-Layer and interact with the LRMS.

Figure 4: Multiple QoS level Framework

Briefly, this architecture provides:
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• WS-Agreement compliant SLA support for Grids.

• Flexibility for new terms and policy definitions.

• Meta-scheduling in Advance feature (SA-Layer) [18].

• Based on Globus Toolkit 4 [8] and GridWay 5.6 [20].

The top layer, named SLA-Manager, has the responsibility of interacting
with users and transfer their queries to the SLA-Backend layer. This inter-
action is performed by a WS-Agreement compliant SLA negotiation process.
As a consequence, the interoperability and compatibility between users and
service providers is assured.

The SLA-Backend layer’s main objective is to take the acceptance or
rejection decisions on the requests performed by the users through the SLA-
Manager. It is also responsible of managing and monitoring the jobs and
system in order to fulfill the accepted SLAs. So it can be considered as a
high level scheduler that is able to control the layers below it.

The support of MSA is addressed by the SA-Layer [18], which provides
support for scheduled jobs in that way by using the GridWay metascheduler.

All the stack leans on Globus Toolkit 4 (GT4) middleware, which is con-
sidered the ‘de facto’ standard middleware in Grid computing. Furthermore,
the SLA-Manager and SLA-Backend are built as GT4 web services, so they
can exploit all the advantages provided by GT4, such as: standards, inter-
faces, security (GSI), etc.

Finally, the LRMS, which can be found within each Grid computing node,
manages the execution locally. There are many different LRMS, so it is
possible to find different capabilities across the Grid (e.g., Torque [21] or
PBS [14], which can provide RA capability).

As integration of multiple QoS mechanisms regards, the two top layers
take the decisions, control the job executions and users interaction. On the
other hand, the lower layers are in charge of how to schedule the jobs into the
resources and the execution itself. They are described in the next subsections
with greater detail.

5.1. SLA-Manager

The top layer of the framework is the SLA-Manager, whose objective is to
provide mechanisms for SLA negotiation between users and service providers
following the WS-Agreement 1.0 specification [12].
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As outlined in Subsection 3.1, WS-Agreement considers the templates
as open agreements, which have to be customized by the service providers.
Templates are designed by the service provider, and the terms and limitations
of an agreement are explicitly defined on them. When they are filled by the
user with the desired terms, and the negotiation protocol is started, they are
considered as SLAs.

For our purposes, these templates require explicitly the parameters de-
scribed in Section 4 in order to characterize the three QoS levels previously
defined on each template (Figure 5). The user must fill these terms with the
desired start-time, duration and the QoS level expected. These parameters
are considered mandatory and they have to appear in Gold and Silver SLAs,
while start-time and duration can be omitted for Bronze QoS level since they
have a best–effort treatment.

Internally, the SLA-Manager focuses on offering a WS-Agreement com-
pliant interface and delegates the decision of acceptance or rejection to the
next layer, namely SLA-Backend (which performs the scheduling for each
SLA job for the given time requirements). Consequently, in order to keep
track of the SLAs status, the SLA-Manager monitors the status of each job
associated to each SLA in terms of time requirement fulfillment. As a result,
the SLA-Manager keeps track of the status of all SLAs for the agreed terms
(i.e., amount of accepted, rejected and violated SLAs, performance ratio,
etc.).

Furthermore, in order to ease the interaction between users and the SLA-
Manager, there are two interfaces: CLI and Web Interface. The CLI allows
users to interact with the SLA-Manager from a command prompt, allowing
them to design and develop automated submission scripts. On the other
hand, the Web interface offers a graphic interactive mechanism (Figure 6)
that allows users to submit their jobs in a simpler way (hiding the complexity
of the templates).

5.2. SLA-Backend

The SLA-Backend is responsible for the acceptance/rejection decision and
meta-scheduling of the incoming jobs, taking into consideration the terms
specified on each SLA (e.g., OS, CPU architecture, RAM, cost, etc.).

The SLA-Backend layer receives all the requests that the SLA-Manager
receives. To take the acceptance or rejection decisions, policies need to be
implemented in this layer, which allows an easy policy definition, modification
or update. Thus, the SLA-Backend also supports independent term policies.
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Figure 5: Template example

The SLA-Backend layer stands over the SA-Layer since all jobs are man-
aged through it. Consequently, it keeps track of the jobs thanks to the
SA-Layer and shares this information with the SLA-Manager. The SLA-
Backend takes high level decisions whilst the SA-Layer handles the jobs in
terms of time scheduling. When a job can be scheduled (it is notified to
the SLA-Manager and the SLA is accepted), the SLA-Backend submits the
associated job to the SA-Layer which handles the job execution in terms of
start-time and deadline. Moreover, the SLA-Backend informs about the job
status when the SLA-Manager requires it in order to keep track of the SLAs
status. Alternatively, when the system can not allocate a job (even after the
rescheduling process) the SLA-Backend notifies it to the SLA-Manager and
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Figure 6: SLA-Manager Web Interface

the SLA is rejected.
More in detail, the SLA-Backend internal structure is modular. It is

composed of three main blocks, two databases and three scripts (Figure 7).
The Request Manager module is the interface between the SLA-Manager
and the other two modules: Brain and Job Submission. Decision policies are
implemented in the Brain module. Consequently, the Backend checks the
Brain module and evaluates the SLA requirements with the system status in
order to take decisions. The Job Submission module is in charge of handling
the jobs once they are accepted by using the scripts (Submit, Cancel and
Monitor), which are in contact with the SA-Layer.

Ultimately, the Jobs and Status databases are used to store the informa-
tion of the jobs that have been accepted, the system status for the terms
that the SLA-Backend has correspondingly meta-scheduled.

The SLA-Backend is able to perform physical reservations on the LRMS
that provide RA capability. In this case, the SLA-Backend submits the job to
the SA-Layer denoting where it is going to be executed after performing the
reservation (done through the Reservation Handler module). If the reserva-
tion can not be performed or the job can not be scheduled, the SLA-Backend
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Figure 7: SLA-Backend internal structure

notifies the SLA-Manager this circumstance in order to reject the SLA.
Originally, rescheduling can not be handled as the reorganization per-

formed by this technique affect on the job traceability, and the SLA-Backend
needs this information in order to keep the consistency for a proper job man-
agement. As a consequence, the SLA-Backend has been tuned in order to
keep track of where each job is being processed, by improving the monitoring
module to check the movements that the SA-Layer performs on the schedule.
But not all jobs can be rescheduled (e.g., Gold SLAs associated jobs), so the
Reservation Handler has been improved to notify the SA-Layer their non
reschedulable condition.

These modifications allow the system to reschedule the jobs between re-
sources, respecting the three QoS levels established in the proposal, in order
to optimize the Grid exploitation and keep the guarantee agreed on each
SLA.

5.3. SA-Layer

The meta-scheduling in advance support is implemented in the SA-Layer [18]
as a layer over the GridWay meta-scheduler [20]. It has been designed as a
GridWay extension that provides scheduling in advance autonomously, at-
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tending to the SLA-Backend requests, and using the resource discovery, job
delegation and monitorization (for resources and jobs) capabilities provided
by Gridway. It also implements forecasting algorithms, rescheduling mecha-
nisms and resources trust.

Internally, the SA-Layer divides the resources time in intervals, called
slots. The system therefore schedules the future resource usage by mapping
the incoming requests with them for the given time requirements (using one
or more adjacent slots). This scheduling process requires an efficient data
structure. To this end, red–black trees [22] are used due to their efficiency
on locating adequate slots and, as a consequence, providing efficient insert
and delete operations. Furthermore, the SA-Layer stores information related
to the behavior of previous jobs and resources, which is used for forecasting
purposes. These predictions are used to try to prevent unexpected situations
such as not enough available capacity at the chosen resource, which could
lead to not meeting the requested deadlines.

The SA-Layer (which implements the functionality described in Subsec-
tion 3.3) also includes different rescheduling techniques, as presented in [23].
They are in charge, for instance, of reallocating the jobs of a resource that
has failed or left the Grid into the other available resources.

In this work we use and adapt the on demand rescheduling functionality
provided by SA-Layer, which is triggered when the MSA algorithm is not
able to map the requests of a job. This means that the SA-Layer checks its
schedule in order to determine if there is any free resource for every request
during a the given time window, and if this is not possible, the rescheduling
process is performed in order to identify a suitable resource for the request.
Therefore this mechanism can be categorized into the reactive techniques as
it is only applied when a job allocation fails.

This rescheduling process is detailed in Algorithm 1. When a job request
is rejected, the rescheduling technique is started (line 8). The first step then
is to select the suitable candidate jobs (already scheduled ones) for being
reallocated leaving their previously reserved slots to the new incoming job
(line 9). Then, the system filters out the jobs whose reserved slots are not
into the target time interval of the new incoming job. The remaining jobs
are sorted by taking into account their probability of being rescheduled (still
fulfilling their QoS agreements), from more to less probable. This is measured
as their associated laxity, obtained through Equation 1.
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Algorithm 1 Rescheduling Algorithm

1: Let job = the new incoming job
2: Let R = set of resources known to GridWay {R1, R2,. . . ,Rn}
3: Let laxity threshold = the threshold used to filter resources
4: Let SelectJ = set of already scheduled jobs {J1, J2,. . . ,Jn} which have

reserved slots in between the start time and the deadline of the job, and
whose laxity is above threshold

5: Let SortJobsByLaxity(J) the function which sorts the jobs of the list
J by its probability of being reallocated, from bigger to smaller laxity
values

6: Let GapR = set of available gaps in R

7: Let TSJi,Ri = time slots reserved for job Ji in resource Ri

8: if job allocation fails then
9: SelectJ = filterJobs(laxity threshold)
10: SelectJ= SortJobsByLaxity(SelectJ)
11: for each SelectJi ∈ SelectJ do
12: if TSSelectJi,Ri is feasible for job then
13: for each GapRk ∈ GapR do
14: if GapRk is feasible for SelectJi then
15: Allocate SelectJi at GapRk
16: Allocate job at TSSelectJi,Ri

17: Exit
18: end if
19: end for
20: end if
21: end for
22: end if

Laxity =
SchedulingWindow − ExecutionT ime

ExecutionT ime
(1)

where SchedulingWindow is the time interval in which the job has to be
executed (deadline−startT ime), and ExecutionT ime is the time the system
estimated that the job would need to complete its execution for the resource
and the time interval where it was allocated. Once we have estimated their
laxities, we first check the jobs whose associated laxity is greater since they
have more chances of being rescheduled.
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Once the list of target jobs is obtained (SelectJ in Algorithm 1), the
system checks if the number of slots of SelectJi (TSSelectJi,Ri) is enough
for allocating the incoming job. In that case, the system tries to allocate
the already scheduled job (SelectJi) in other resource and/or time interval
(line 14), and if possible, its previous reserved slots are used for allocating
the new incoming job (line 16). This way both jobs are allocated achieving
a better resource utilization.

However, this rescheduling algorithm is unaware of the QoS agreements
made at the SLA-Manager level. Consequently, the SA-Layer has been im-
proved in order to take into account which jobs can be moved and among
which kind of resources.

With this aim, the SA-Layer splits the available resources by taking into
account if they can be physically reserved or not (higher or lower confidence).
It then makes the scheduling allocation process able to allocate the jobs
in one or another group. Therefore, the SLA-Backend indicates the QoS
requirements by specifying which group or resources to search. Then, the
SA-Layer only searches the resources providing physical reservation for the
Gold SLA jobs, whilst for the Bronze SLA jobs only the resources that do
not provide it. For Silver SLA ones, it tries to find a resource that provides
physical reservations, and if not possible, searches then the rest of resources.

On the other hand, as rescheduling actions concern, the SLA-Backend
also indicates which jobs cannot be moved (the Gold SLA jobs). Moreover,
the SA-Layer avoids to move jobs from non-confident resources (the one that
cannot be physically reserved) to confident ones (the one that provide the
RA capability) in order to follow the schema proposed by the SLA framework
explained in Section 4.

6. Evaluation

In this section, an evaluation of the proposal described in Section 4 over
the architecture described in Section 5 is shown.

The Grid environment and the description of the experiments is detailed
in the next subsection. Then, the workload is described and right after, the
experimental results are analysed.

6.1. Grid environment

The proposal described in the present work is evaluated in the RAAP
(UCLM High Performance Networks and Architectures Research Group)
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Machine CPU Freq. Main Mem. HDD Nodes LRMS

Desktop 1 Amd 1.8 Ghz 1 Gb 140 Gb 1 Fork
Opteron 244

Desktop 2 Amd 1.8 Ghz 1 Gb 80 Gb 1 Fork
Opteron 244

Desktop 3 Amd 1.8 Ghz 1 Gb 80 Gb 1 Fork
Opteron 244

Desktop 4 Amd 1.8 Ghz 1 Gb 80 Gb 1 Fork
Opteron 244

Desktop 5 Amd 1.8 Ghz 1 Gb 80 Gb 1 Fork
Opteron 244

Desktop 6 Amd 1.8 Ghz 1 Gb 80 Gb 1 Fork
Opteron 244

Desktop 7 Intel 3.2 Ghz 3 Gb 200 Gb 1 Fork
Pentium 4

Desktop 8 Intel 3.0 Ghz 2 Gb 260 Gb 1 Fork
Pentium 4

Desktop 9 Intel 3.4 Ghz 1 Gb 250 Gb 1 Fork
Pentium D

Cluster 1 Dual Amd 3.0 Ghz 8 Gb/node 500 Gb 3 Fork +
Opteron 280 Torque

Table 1: Grid nodes details.

Grid environment, which is composed of nine desktop nodes and a cluster.
Details of this environment are shown in Table 1.

All of the Grid nodes belonging to the testbed are geographically spread,
within different networks and being used frequently by their owners (user
shared resources). The cluster associated to the RAAP Grid has 20 comput-
ing nodes, but 17 of them are dedicated to other purposes.

Moreover, all Grid nodes have GT4 Fork LRMS, which provides basic
functionality. The cluster also implements Torque. Thus, it provides the RA
capability.

6.2. Workload

In order to perform the evaluation, several users submit a set of SLAs
(over a period of time) to the framework. As each SLA is used to determine
the job, time restrictions and confidence that the user is expecting to be
fulfilled, the job needs to be defined. The job associated to all SLAs for the
evaluation is the 3node benchmark [24]. This benchmark consists of sending
a file from a source node to a computation node, which performs a search
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Distribution Gold Silver Bronze

A ∼ 20% ∼ 40% ∼ 40%
B ∼ 20% ∼ 50% ∼ 30%
C ∼ 20% ∼ 60% ∼ 20%
D ∼ 20% ∼ 70% ∼ 10%

Table 2: Workload distributions.

pattern, generating an output file with the number of successes.
The rationale for choosing that benchmark is due to the fact that it

has parameterizable options to make it more computing intensive, and/or
network demanding; allowing the definition of very different kind of jobs
(from very light jobs up to heavy ones in terms of network and/or CPU
usage).

The 3node benchmark job parameters are set to 10 Mb input files for
network transmission and random processing scale, with random size output
files which can reach between one and ten times the size of the input file.

The SLA submission rate is random with a limit of 6 SLAs every 120
seconds (barely less than the maximum rate of productivity measured for
the used Grid tested) during (at least) 2 hours of experiment. As resources
are shared with users, experiments are repeated 5 times (at different times of
the day across multiple days) in order to achieve representative results. And
the time restrictions are also set randomly between 0 and 120 minutes (from
SLA submission) for the start-time and between 10 and 20 minutes for the
deadline. So, each experiment duration takes more than 4 hours.

The job parameters and submission rate represents the clients usage
model of the system, which for the current Grid infrastructure is a high
load stress test.

The environment is tested with four different workload distributions,
which are determined by the amount of SLAs of each confidence type (set
randomly by the user) (Table 2).

We keep the amount of Gold QoS level jobs between scenarios, as it
represents an amount of SLAs that must be fulfilled independently of what
happens with other QoS levels, letting enough temporal periods to be ex-
ploited by Silver and Bronze QoS level jobs. The rationale to set the amount
of Gold SLAs to ∼ 20% and keep it is due to the fact that there is only one
resource where they can be processed within the evaluation environment.

Furthermore, in order to perform a deeper study of the environment and
evaluate the behavior of the QoS mechanisms integration within the pro-
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posal, all the experiments are also done with three different QoS policies or
scenarios:

No-QoS) Without QoS levels, nor rescheduling (only applying MSA).

QoS) With QoS levels but without rescheduling (MSA + RA).

QoS+ReS) With QoS levels and rescheduling (MSA + RA + Rescheduling).

The first scenario (No-QoS) is used to evaluate the behavior of the Grid
environment just applying the MSA mechanism. In the second scenario
(QoS), the classification in levels and the RA mechanism is enabled (as pro-
posed in [6]). Finally, within the QoS+ReS scenario, the entire proposal
presented in this work is applied and evaluated.

6.3. Results

The results obtained are shown in this subsection, focusing on the be-
havior of the whole Grid system in terms of SLA rejection and violation
rates. Besides that, the behavior of the reservation and scheduling in ad-
vance mechanisms are also analyzed. It must be noted that there are no
Bronze SLA violations, nor rejection, due to their lack of time restrictions.
So the behavior of the system for Bronze SLAs is analyzed in terms of waiting
times.

The first result that must be highlighted is the validation of the proposal
over the Grid. All mechanisms are deployed and their integrated use comes
possible with this proposal. Moreover, an improvement of the performance
and behavior is obtained.

The system has shown that it is able to reject any client submission if the
expected QoS requirements can not be guaranteed in advance. So, when the
system receives a higher amount of SLAs than it can fulfill, it starts rejecting
SLAs.

First of all, we analyze the behavior of the system for the No-QoS policy,
that is, without QoS levels nor RA nor rescheduling (just MSA), in terms
of rejection and violation rates from the total SLAs submitted (Figure 8).
Figure 8a shows the SLA rejection rate, that is, the amount of SLAs that
were not accepted by the system (not establishing a contract between user
and service provider), while Figure 8b depicts the SLA violation rate, which
shows the amount of SLAs whose associated job could not be fulfilled with
the conditions established on each SLA. The rejection rate is lower than 2%
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(a) SLA Rejection behavior. (b) SLA Violation behavior.

Figure 8: No-QoS system behavior.

in all cases, for the given conditions. This means that the system accepts
almost all of the received SLAs. On the contrary, the violation rate increases
as the amount of Silver SLAs grows, reaching more than 4% of the accepted
SLAs when the amount of Silver SLAs represents 70% of the total SLAs
submitted (distribution D). Furthermore, Gold SLAs violations are produced
in a representative way compared with the violations on Silver SLAs (e.g.,
receiving 20% Gold and 50%-60% Silver SLAs (D and C), the amount of
Gold SLA violations is similar to the amount of Silver SLAs violations, but
it is higher when the system receives 20% Gold and 40% Silver SLAs (A)).

By introducing the classification into QoS levels (scenario labeled as QoS),
and focusing on the rejection rate (Figure 9a), it can be seen that there is
a rejection increase compared with the No-QoS scenario (Figure 8a). This
behavior is due to the fact that the classification in levels establishes limits
on the resources where each SLA can be processed. Consequently, this limits
impose a reduction on the number of nodes that can be used for a given QoS
SLA level (e.g., Gold SLAs can only be mapped to resources with RA, while
Bronze SLAs can be mapped to the rest and Silver SLAs can be mapped to
any resource). Due to the fact that we have only one resource with RA at our
disposal, when no more reservations can be performed on that resource, the
Gold SLAs can not be guaranteed, hence no more Gold SLAs are accepted.

As a consequence, the rejection rate of Gold SLAs is higher than in No-
QoS scenario. Furthermore, it increases as the amount of Silver SLAs grows,
although the amount of Gold SLAs keeps constant. This happens because
of the design of the classification in levels, as it is designed to map Silver
SLAs to high confidence resources first, and due to the fact that the amount
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(a) SLA Rejection behavior. (b) SLA Violation behavior.

Figure 9: QoS system behavior.

of Silver SLAs increases, the system allocates these resources, limiting the
allocation of Gold SLAs.

Another curiosity occurs between distributions A and B within QoS sce-
nario (Figure 9a), where both have a similar rejection rate, but with a dif-
ferent proportion of Silver and Gold SLAs. In distribution A, there is a 20%
Gold and 40% Silver workload distribution, while in B there is a 20%-50% re-
spectively. It could be expected a higher Silver and not lower Gold rejection
rate in B, but the system would not be able to ensure the Gold successful
processing if the amount of Silver SLAs is incremented (since they share the
cluster). Consequently, there is a higher Gold rejection rate and this allows
more Silver SLAs to be processed in the cluster (reducing the Silver rejection
rate). Furthermore, the Silver rejection rate is also reduced because there are
less Bronze SLAs without time requirements (desktops are more available to
process Silver SLAs).

Regarding the violation rate (Figure 9b), the system is able to process
all Gold SLAs without a violation. On the contrary, Silver SLAs suffer more
violations since a higher amount of them are processed within desktop nodes
(less reliable).

As a result of integrating QoS classification into levels and RA, two prob-
lems are identified: first, the priority of resource mapping for Silver SLAs
has a harmful impact on the Gold SLAs rejection rate; second, although the
system is able to ensure all Gold SLAs, the overall violation and rejection
rates obtained are increased for the Silver SLAs. Reallocating the Silver jobs
to other resources by making use of the rescheduling mechanism described
in Section 3.4 will avoid these situations.
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(a) SLA Rejection behavior. (b) SLA Violation behavior.

Figure 10: QoS+ReS system behavior.

The integration of the rescheduling mechanism (QoS+ReS) avoids a big
amount of SLA violations (Figure 10b) (improving the whole system behavior
in all cases), minimizing the number of violations to the lowest rate achieved
in previous scenarios (No-QoS and QoS). Furthermore, it also helps to reduce
the rejection rate (Figure 10a).

In the QoS+ReS scenario (Figure 10), there is an acceptance rate be-
tween 96% and 98% of all received SLAs (with the given conditions), and
the maximum violation rate reached is 1.5%.

It is very important to observe that rescheduling does not affect to the
Gold SLA violation rate, which is kept at 0% (Figure 10b). This is one of
the objectives pursued, and ensures that Gold SLAs are completely fulfilled.

Furthermore, the integration of rescheduling, respecting the QoS classi-
fication into levels with MSA and RA, does not compromise the accepted
Gold SLAs integrity (with the policy described in Section 4). Hence, this
mechanism does not interfere on ensuring the Gold SLAs fulfillment.

Focusing in detail on the SLAs rejection behavior (Figure 11a), the intro-
duction of the rescheduling mechanism (QoS+ReS line) reduces the rejection
compared with not using it (QoS line). On the other hand, focusing more on
detail in the SLAs violation behavior (Figure 11b), it is observed that with-
out any kind of control (No-QoS line), the system executes more jobs meeting
their time constraints (but without QoS differentiation among them) than
when limiting the resources on where the jobs associated to the SLAs can be
processed (due to the QoS classification (QoS line)). Moreover, enabling the
use of rescheduling techniques within the QoS classification (QoS+ReS line)
results in a dramatically improvement of the system behavior.
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(a) SLA Rejection. (b) SLA Violation.

Figure 11: Detailed SLAs behavior.

The results obtained are quite impressive: a violation rate lower than 2%
for the highest submission rate of SLAs with temporal restrictions (D = 20%
Gold+70% Silver), while keeping the Gold SLAs at 0% violation rate and a
rejection rate under 4.1%.

Looking deeper on the insights of the rescheduling mechanism for the per-
formed tests (Figure 12a), the maximum rescheduling rate has been achieved
for C and D distributions with 31% of the accepted jobs being rescheduled.
This means that the system has no more margin to optimize the job schedule
for the given tests.

In distribution A it can be observed that the Grid can successfully process
almost all jobs without moving too many jobs (with very low rejection rate
and very low violation rate). On the other hand, as the amount of Silver
SLAs is increased, keeping constant the Gold SLA rate, the system is pushed
with a higher stress level. As a consequence, the amount of rescheduled jobs
is increased.

The rescheduling process can be very heavy and some jobs can suffer a
high number of replanifications delaying their execution indefinitely. This is
the case of Bronze SLA associated jobs, which do not have time restrictions,
so they may suffer waiting delays. In order to determine if this is happen-
ing in any of the previously defined distributions, the number of reschedul-
ing actions performed per job (assuming that 100% is the total number of
rescheduling actions done) is analyzed (Figure 12b).

In distribution A, 80% of the jobs that were replaned did not suffer a sec-
ond rescheduling action, 14% of the rescheduled jobs suffered 2 rescheduling
actions, 5% suffered up to 3 rescheduling actions and the rest more.
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(a) Rescheduled vs processed (b) Rescheduling actions.
jobs ratio.

Figure 12: Rescheduling behavior.

As the amount of Silver SLAs is increased and consequently, the Bronze
SLAs reduced, the amount of more-than-once-scheduled jobs reduces. This is
due to the time windows imposed by Silver SLAs and the fact that there are
less Bronze jobs, thus reducing the chances of finding a suitable job candidate
to be rescheduled. The percentage of multiple rescheduled jobs is less than
1%, therefore long delays over Bronze SLAs are not being experienced, even
in the worst case for Bronze SLAs (competing against a high number of more
prioritized SLAs).

Once we have verified that the Silver and Gold jobs are processed within
the requirements established on their SLA, it is time to analyze the per-
formance obtained by less prioritized jobs (associated to Bronze SLAs). In
order to determine the behavior of the system with this kind of jobs, we have
measured the waiting time to be processed (Figure 13). This behavior show
that Bronze jobs do not wait indefinitely. More in detail, in Figure 13, verti-
cal lines determine the maximum and minimum waiting times observed from
all processed Bronze SLA jobs, and the boxes determine the 50% medium
observed. This means that 50% of the jobs had to wait within that range of
time, while 25% of the jobs had to wait less and the 25% remaining, more
time to be executed.

The observed waiting times are very close to each other in terms of top
and bottom extremes. But there is a big reduction on the medium waiting
time experienced by enabling QoS classification in levels (Figure 13(b)) and
with rescheduling (Figure 13(c)), as the amount of Bronze SLAs decreases.
Waiting time is reduced in general, although there are some jobs that have
to wait longer, but no more than when not applying any QoS mechanism
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(Figure 13(a)).
When allowing the QoS classification in levels and applying rescheduling,

the waiting time for Bronze SLAs associated jobs is considerably reduced
(Figure 13(b & c)). When not using any technique (Figure 13(a)), 75% of
the jobs have to wait more than 40 minutes to be processed. But with the
QoS mechanism (and also with rescheduling) in place, 75% of them have to
wait less than 30 minutes.

(a) No-QoS Scenario (b) QoS Scenario

(c) QoS+ReS Scenario

Figure 13: Bronze SLAs waiting time per scenario.

7. Related Work

QoS mechanism integration within Grid Computing environments is an
interesting topic due to the complexity that it requires. There is no definitive
or final solution for this problem, and research has focused on the improve-
ment of specific QoS mechanisms.

We have structured the related work into the following parts. First, we
present the existing efforts within the SLA topic. Second, we discuss the ex-
isting QoS mechanisms based on scheduling in advance and resource behavior
prediction on Grid resources. Right after, a brief overview of alternative QoS
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differentiation projects are outlined. And finally, the conclusions that can be
extracted in order to distinguish and empower our work.

7.1. Service Level Agreements

Focusing on specific QoS mechanisms, there have been many efforts within
the SLA topic, but the Grid Resource Allocation Agreement Protocol Work-
ing Group (GRAAP-WG) of the Open Grid Forum (OGF) effort on SLAs
standardization, resulting on the WS-Agreement specification [12] and on its
extension [13], can be considered as the most important one nowadays.

It has not been the only effort on this direction, for instance, theWSLA [25]
and SLAng [26] specifications appeared previously. They both are currently
unmaintained, which means that WS-Agreement is nowadays the only sup-
ported SLA specification and has been widely adopted by most Grid projects
interested in SLAs [27, 28, 29].

WS-Agreement specification provides the structure and negotiation pro-
tocol for SLA establishment [12]. It proposes a simple negotiation protocol
which has been later extended [13] by introducing the concept of renegotia-
tion.

There is not many information related to the SLA evaluation in terms
of QoS provided by the projects. They focus on the implementation of WS-
Agreement but as it is an open specification that leaves a big margin of
decision/policies implementation, projects protect their advances by not pro-
viding many details.

One of the projects that has shown some efforts on SLA term evaluation
is AssessGrid (Advanced Risk Assessment and Management for Trustable
Grids) [30]. AssessGrid is focused on risk assessment in Grid environments
by using SLAs. This project is very important as it introduced the concept
of negotiation broker, whose main objective is to automate the interaction
between users and service providers or between service providers in order to
achieve better agreements [31].

Another interesting project dealing with SLAs is SLA@SOI (Service Level
Agreement at Service Oriented Architectures) [28]. Its main objective is
to empower the implantation of SLAs in Service Oriented Infrastructures
(SOIs). In this project, the problem of SLA translation from observable
metrics to configurable parameters is tackled [32] and the result is a frame-
work that is able to distinguish many translation types in Service Oriented
Architectures (SOAs). Nowadays, SLA@SOI is pushing to migrate its devel-
opment to Cloud computing environments.
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Moreover, there are proposals that contribute to the topic by propos-
ing the use of SLAs within service-oriented Grid environments in order to
provide on-demand QoS [33, 34]. Although these proposals consider the
use of resource reservation as in our work, they both lack of using multiple
QoS scheduling mechanisms, such as Scheduling in Advance in conjunction
with resource reservation, and consequently consider a simple QoS scheme
without level differentiation. Besides, the proposal presented in [33] is not
WS-Agreement compliant.

Other proposals [35, 36] also consider the use of time-constrained SLAs
within Grid computing in order to improve the QoS, but from different points
of view. In the first proposal, the authors propose to use real-time application
reconfiguration in order to achieve the highest QoS level by monitoring the
performance and SLA requirements. This is a different approach to our
proposal, which is based on SLA fulfillment by performing smart scheduling
for each different QoS level. In the second proposal, authors describe a grid
resource management mechanism (as an extension for a specific resource
administrator implementation known as RAPA) focused on making optimal
policies for resource selection based on system status and multiple specific
QoS factors. Unluckily, this proposal has only been simulated. A more recent
publication [37] considers the use of time-constrained SLAs within Grids in
order to improve the negotiation strategy by using a Bayesian learning agent.

Other fields like SLA management [38, 39], QoS implications [40] or se-
mantic and virtualization exploitation [41] have also been actively researched.

7.2. QoS Mechanisms

Focusing on QoS mechanisms, resource reservation is one of the most com-
monly used techniques. Projects like GARA [42] or PBS [14] (or its open
source version known as Torque [15]) have aimed at providing a framework
to let resource reservation for a wide variety of resources (such as CPU, main
memory, network, etc.). There are plenty of articles based on those reserva-
tions that try to ensure resource availability when needed, such as [43, 44, 45].
Unluckily, Grid computing limits its functionality because not all resources
can be reserved, as these mechanisms may not be available (this feature is
provided by the LRMS), specially when dealing with volunteer resources.
There has also been a wide discussion on the cost of reservation [17].

Meta-scheduling has also been actively researched as an alternative to
reservations in advance when those are not feasible. In [46] a distributed
meta-scheduling architecture that employs P2P search algorithms and a
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multi-criteria decision-making is described, whilst in [23] a framework to
perform meta-scheduling in advance (with rescheduling capability) is pre-
sented. However, they are not aimed at provisioning different QoS level to
the users but just scheduling the jobs trying to fulfill their deadlines.

Another trend to try to ensure QoS agreements within Grid environments
is by rescheduling or co-allocating jobs. Rescheduling has excelled at improv-
ing the performance of scheduling by reorganizing the schedule in order to
optimize the resources usage and allow a higher allocation [23], as scheduling
becomes less efficient with time. One related work focused on job reallo-
cation is [9], where resources are provisioned along multiple sites by using
backfilling techniques. In addition to that, in [47] task reallocation in Grids
is analyzed though simulation, presenting and studying different reallocation
algorithms and their behaviors within multi-cluster Grid environments – but
only over dedicated Grid environments. Again, unlike our work, they do not
provide QoS differentiation.

On the other hand, Grid workloads may be of different types (e.g., bags of
tasks, workflows, pilots, etc.). There are therefore reallocation/rescheduling
techniques applied to them [48]. For instance, [49] or [50] are centered on
workflow rescheduling. The former performs task rescheduling following a
stop and restart technique – not always feasible in all the scenarios. The
latter tries to make the workflows makespan shorter by changing scheduling
decisions over time. However, as opposite to our work, neither works take into
account job time constraints when (re)scheduling jobs. As presented in [51],
rescheduling techniques can be used to scheduling workflow application in a
deadline-based strategy. In that work, by means of simulation, they propose
a similar approach to ours, trying to both increase the utilization and meet
job deadlines, but without providing any differentiation of QoS levels. These
rescheduling techniques can also be used to try to provide fault tolerance
performance, such as the work presented in [52], where this is provided by
changing the frequency of the checkpointing process based on current status
and history of failure information of the resource and by rescheduling the jobs
when those failures happen. However, they do not migrate jobs to increase
utilization or QoS differentiation amongst users. They only move jobs to try
to keep the QoS agreed when a resource failure happens.

There have been also many efforts on Grid resource behavior prediction,
as they are needed to provide an efficient scheduling. This has been actively
researched in [11, 53, 54] by the study of different algorithms for resource
behavior forecasting (such as exponential smoothing [55]) with interesting
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results. For instance, in [55] a comparison between using or not exponen-
tial smoothing prediction methods at the scheduling decisions is presented,
highlighting their impact on the performance improvement. On the contrary,
forecasting is not an exact science, so it can fail and may lead to undesired
situations. As a consequence, self-tuning mechanisms [18] appear as a solu-
tion in order to avoid as much as possible those unexpected situations and
improve the forecasting, but introducing a general overhead. An algorithm
to perform resource selection based on performance predictions, as well as
though co-allocation of multiple resources is presented in [56] where already
made reservations are displaced based on making co-allocation of jobs. But,
unlike our work, those reschedulings are not carried out among jobs belonging
to different users.

In that topic, there are also studies about how important is to have accu-
rate run time estimations and how to handle their inaccuracy when executing
BoT applications in multi-providers environments. This is evaluated in [57]
where a coordinated BoT rescheduling algorithm that deals with the esti-
mated completion time of the entire BoT application is presented.

7.3. QoS Differentiation

A number of mechanisms for fairshare-based job prioritization exist.In [58],
the concept of resource allocation fairness to user level in uni-processor envi-
ronments is extended. In [59], the Fair Execution Time Estimation (FETE)
scheduling is presented, which is based on completion time predictions and
focused on minimizing risk for missed job deadlines. Finally, in [19] a Grid
Fair-share Scheduling system is proposed (Aequus, before known as FSGrid)
that aims to provide distributed fair balancing of resource utilization between
Virtual Organizations in Grid environments. Aequus performs fair-share load
balancing by influencing the order in which jobs are scheduled for execution.
This is done by comparing policy trees to usage trees, which inherit struc-
ture from policies and are populated with all resource usage data. Moreover,
as shown in [60], this system can be easily used into the SA-Layer and ex-
tensively to the SLA management framework presented here. This makes
easy to provide not only QoS differentiation among jobs but also among the
different users. We can then assure that the same amount of Gold jobs are
going to be accepted for each user or that some users have a greater priority
and more jobs of the higher QoS have to be scheduled for them.

Alternatively, some proposals push for the QoS differentiation in terms of
internal metrics related to the Grid infrastructure defined on SLAs [36, 37]
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(e.g., CPU architecture, amount of RAM, bandwidth, etc.). Our work encom-
pass this terms by defining a high level term that represents the confidence
that the users expect from the service. Thus, our proposal considers a clearly
defined multi-level QoS service that can be extended in order to support new
internal metrics and scheduling policies.

7.4. Conclusions

Due to Grid nature, it is possible to find a wide variety of different QoS
mechanisms spread over a number of different resources within Grid environ-
ments. The most interesting and promising mechanisms have been analyzed
in previous Subsections and have demonstrated to provide QoS in various
ways. These mechanisms have shown to be not flexible enough in order to
ensure or work within all the resources that belong to a Grid environment,
even though they can be available in some of them.

Consequently, we propose an orchestrated use of the available QoS mech-
anisms, with the main objective of empowering the usage and fulfill the users
expectations in terms of confidence. To the best of our knowledge, there is
no other framework that is aimed at integrating different QoS-support mech-
anisms and harnessing them to provide a QoS-level based differentiation over
different kind of resources that present different levels of confidence

This fact distinguishes our work and make it unique within the matter.

8. Conclusions and Future Work

Providing or guaranteeing Quality of Service within Grid environments
is a very difficult and complex task, specially when volunteer resources are
involved. Their distributed and heterogeneous nature, together with the
variety of resources that can be available, the user expectations, the lack of
total control over the resources and the amount of different QoS mechanisms
that can be available, difficult the optimal exploitation of all resources.

The objective of this work is to empower a novel integrated QoS support
within Grid Computing environments through SLAs by exploiting different
available scheduling mechanisms in a coordinated way, improving and/or
ensuring the agreed QoS through SLAs, transferring an essentially best ef-
fort architecture into a trustable infrastructure where QoS can be assured
if needed. Moreover, resource usage optimization is targeted by applying
the most appropriate technique to support every desired QoS level of perfor-
mance.
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This work presents an extension of the framework proposed previously by
the authors [6], where rescheduling techniques have been included in order to
improve the Scheduling and Reservation in Advance mechanisms, with the
aim of further increase resource usage, QoS provisioning and minimizing the
SLA violation rate. Additionally, this proposal has been evaluated in a real
Grid environment testbed.

This work reveals the optimization of the resources usage by integrating
and using in a combined way SLAs, Scheduling in Advance, Reservations and
Rescheduling, which has an impact on providing a better QoS (guaranteed
by the SLAs), improving the amount of jobs successfully processed, and
enhancing the overall Grid environment productivity.

The first conclusion that must be highlighted is the validation of the
proposal over the Grid environment. All mechanisms have been deployed
and their integrated use comes possible with this proposal. Moreover, an
improvement of the performance and behavior is obtained while keeping the
priorities established for every QoS level explicitly defined by users on the
SLAs.

The experimental results obtained show that the inclusion of the reschedul-
ing mechanism avoids a big amount of SLA violations, and helps to reduce
the rejection rate. Thus, rescheduling has a positive impact on the amount
of highest QoS level acceptance rate while not compromising their integrity
(keeping their violation rate at zero). Furthermore, the best effort jobs wait-
ing time is considerably reduced.

Some future work guidelines are: 1) Improve the SLA manager with the
WS-Agreement extension, 2) include new metrics, and 3) extend the pro-
posal with more QoS mechanisms. Also, the migration of the proposal and
framework to Cloud computing environments will be addressed in the near
future.
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[19] P.-O. Östberg, D. Henriksson, E. Elmroth, Decentralized, Scalable, Grid
Fairshare Scheduling (FSGrid), Future Generation Computer Systems
29 (1) (2013) 130–143.

[20] C. Vázquez, E. Huedo, R. S. Montero, I. M. Llorente, Federation of
TeraGrid, EGEE and OSG Infrastructures through a Metascheduler,
Future Generation Computing Systems 26 (2010) 979–985.

[21] Torque Resource Manager, Web page at
http://www.adaptivecomputing.com/products/torque.php (Last
access: 27th September, 2012).

[22] T. H. Cormen, C. E. Leiserson, R. L. Rivest, C. Stein, Introduction to
Algorithms, 2nd Edition, The MIT Press, 2001.

[23] L. Tomás, B. Caminero, C. Carrión, A. C. Caminero, On the Improve-
ment of Grid Resource Utilization: Preventive and Reactive Reschedul-
ing Approaches, Journal of Grid Computing 10 (3) (2012) 475–499.

[24] G. Chun, H. Dail, H. Casanova, A. Snavely, Benchmark Probes for Grid
Assessment, in: Proc. of the Intl. Parallel & Distributed Processing
Symposium (IPDPS), Santa Fe, USA, 2004.

[25] WSLA: Web Service Level Agreements, Web page at
http://www.research.ibm.com/wsla/ (Last access: 20th October,
2012).

[26] D. D. Lamanna, J. Skene, W. Emmerich, SLAng: A Language for Defin-
ing Service Level Agreements, in: Proc. of the Intl. Workshop of Future
Trends of Distributed Computing Systems, San Juan, Puerto Rico, 2003.

[27] D-Grid - SLA4D-Grid - Service Level Agreement für das D-Grid, Web
page at http://www.d-grid-ggmbh.de/index.php?id=89 (Last access:
21th October, 2012).

[28] SLA at SOI, Web page at http://sla-at-soi.eu/ (Last access: 21th Octo-
ber, 2012).

[29] WSAG4J - WS-Agreement framework for Java, Web page at
http://packcs-e0.scai.fraunhofer.de/wsag4j/ (Last access: 20th October,
2012).

43



[30] AssessGrid, Web page at http://www.assessgrid.eu (Last access: 24th
March, 2012).

[31] M. Parkin, R. M. Badia, J. Martrat, A Comparison of SLA Use in Six
of the European Commissions FP6 Projects, Tech. Rep. TR-0129, In-
stitute on Resource Management and Scheduling, CoreGRID - Network
of Excellence (April 2008).

[32] H. Li, W. Theilmann, J. Happe, Challenges in SLA Translation,
SLA@SOI Technical Paper http://sla-at-soi.eu/results/publications/.

[33] G. Engelbrecht, S. Benkner, A Service-Oriented Grid Environment with
On-demand QoS Support, in: SERVICES I, IEEE Computer Society,
2009, pp. 147–150.

[34] J. Padgett, K. Djemame, P. Dew, Grid Service Level Agreements Com-
bining Resource Reservation and Predictive Run-time Adaptation, in:
UK e-Science All Hands Meeting, Nottingham UK, 2005.

[35] A. Menychtas, D. Kyriazis, K. Tserpes, Real-time Reconfiguration for
Guaranteeing QoS Provisioning Levels in Grid Environments, Future
Generation Computing Systems 25 (7) (2009) 779–784.

[36] Y. Han, C.-H. Youn, A new Grid Resource Management Mechanism with
Resource-aware Policy Administrator for SLA-constrained Applications,
Future Generation Computing Systems 25 (7) (2009) 768–778.
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