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Abstract The efficient scheduling of independent jobs on distributed Grid resources is one of the most challenging issues in
Grid computing. It is a complex problem since resources are geographically distributed having different usage policies
and may exhibit highly non-uniform performance characteristics, heterogeneous in nature, and have varying loads and
availability.

A recent funded project aims to establish a fundamental new infrastructure for efficient job scheduling on the Grid
based on Service Level Agreements (SLAS) and using advanced scheduling techniques. For each job submitted, an
SLA is negotiated between the user and the scheduler which contains information on the jobs to execute. In this paper,
we propose a negotiation protocol based on the Contract Net Protocol to schedule the SLAS at the global level of the
Grid, and the use of tabu search for an efficient scheduling of the SLAs at the local level of the Grid resources. Global
scheduling is responsible for resource advertisement, resource discovery, and resource selection. Local scheduling is
responsible for determining the order in which the SLAs are executed on the Grid resource.
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1. INTRODUCTION

Grid computing has emerged as a new paradigm for next generation distributed computing. A
computational Grid is an infrastructure which enables the interconnection of substantial distributed
computational resources in order to solve large scale problems in science, engineering, and commerce that
cannot be solved on a single system [6]. Scheduling jobs on distributed resources is one of the most
challenging issues in Grid computing. It is a complex problem as resources are geographically distributed
having different usage policies and may exhibit highly non-uniform performance characteristics,
heterogeneous in nature, and have varying loads and availability.

Scheduling jobs on heterogeneous compute resources while trying to minimise some cost function is an
NP-complete problem [9]. Most of the Grid scheduling systems [11] such as Nimrod, Nimrod-G, Netsolve,
AppLes, Ninf, Condor, Condor-G, LSF, Globus, Legion use simple batch scheduling heuristics, and the
common scheduling objective is minimisation of the overall execution time or makespan. Various batch
scheduling heuristics have been used [16, 8] including: FCFS, backfilling, list scheduling, smart, Min-min,
Max-min, sufferage [2], Xsufferage [4], Qsufferage [15], etc. While many of the Grid scheduling systems
use batch-based heuristics for scheduling, these systems do not, however, necessarily aim to find the best
scheduling solution. There is little literature on the use of meta-heuristics to generate good quality schedules
in Grid computing such as genetic algorithms [1, 3], simulated annealing [1, 17], and tabu search [1]. Jarvis
et a. [10] compared FCFS and genetic algorithms to minimise the makespan, and it was found that batch
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gueuing might be regarded as a worst-case solution. Braun et a. [2] compared the performance of batch
gueuing heuristics, tabu search, genetic algorithms, and simulated annealing to minimise the makespan. The
results showed that genetic algorithms achieved the best results, and the batch queuing heuristics achieved
the worst results.

A recent funded project aims to establish a fundamental new infrastructure for efficient job scheduling on
the Grid based on Service Level Agreements (SLAS) [12, 13] and using advanced scheduling techniques. For
each job submitted, an SLA is negotiated between the user and the scheduler which contains information on
the jobs to execute. In this paper, we propose a negotiation protocol to schedule the SLAs at the global level
of the Grid, and the use of tabu search for an efficient scheduling of the SLAs at the local level of the Grid
resources. Globa scheduling is responsible for resource advertisement, resource discovery, and resource
selection. Local scheduling is responsible for determining the order in which the SLAS are executed on the
Grid resource. Section 2 presents the SLA based Grid scheduling multi-agent infrastructure. Section 3
describes the SLA negotiation protocol for scheduling SLAs at the global level of the Grid, and the
scheduling model and the tabu search devel oped to schedule the SLAs at the local level of the Grid resource.
Conclusions are presented in the section 4.

2. SLA BASED GRID SCHEDULING MULTI-AGENT INFRASTRUCTURE

The multi-agent infrastructure proposed [13] is organised as a population of cognitive, autonomous, and
heterogeneous agents, for integrating a range of scheduling objectives related to Grid compute resources.
Figure 1 shows the multi-agent infrastructure for SLA based Grid scheduling. The infrastructure involves
three types of agents: User agents, Local Scheduler (LS) Agents, and Super Scheduler (SS) Agents. Three
databases are also used in this architecture to store information on SLAS, LSA agents, and resources.

]
LS agent state ﬁ
database SLA

database

Grid Resource:
Network of processors
or hosts

Figure 1. SLA based Grid scheduling system infrastructure
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User Agent: The user agent requests the execution of SLAs on the Grid and negotiates SLAs with the SS
agents. For each job submitted by the user, a SLA isinitiated using information on the job supplied by
the user and may be refined or additional information may be added in the final agreed SLA at the end of
negotiation. The initial SLA submitted by the user describes usually a very high level description of a
resource metric containing resource details such as machine information, the range of processors, the
expected processing time, etc.

Local Scheduler Agent: Each Grid resource within each administrative domain is assigned to an LS
agent. The set of Grid resources and their corresponding L S agents constitute a cluster. The LS agents are
responsible for scheduling SLAs, usually assigned by the SS agents, at the locd level of the Grid
resources. However in practice, jobs are unlikely to be arriving from the SS agents, but they can be
injected from other means such as PC which islocally connected to the machine that hosts the LS agent.

Super Scheduler Agent: SS agents are distributed in the Grid having at most one at every domain. They
act as mediators between the user agent and the LS agents. Each cluster of LS agents of the same domain
is coordinated by an SS agent. The user agent usually submits SLAsto the SS agents. SS agents negotiate
SLAs with the user agent and the LS agents to discover and select a collection of Grid resources that can
satisfy SLAS requirements.

Databases: The databases used in the architecture are the following:

— Resource record: holds information about the compute resources on which the jobs are executed by
an LS agent.

— 9 A database: stores the description of the SLAS.

— LS agent state database: provides information about the current availability and capability of Grid
resources. This information is used to locate resources, to identify properties of the resources, and
for numerous other purposes during the process of trandlating high-level resource specifications into
reguests to specific LS agents.

3. SLA SCHEDULING

Scheduling SLAs on the Grid involves two stages: global scheduling and local scheduling. Global
scheduling discovers and selects the Grid resource to send the SLAs to. Once an SLA isassigned to run at a
particular Grid resource, it is then managed by the LS agent at that Grid resource. The local scheduling
decides how to schedule the SLAs on the local Grid resource.

31 GLOBAL SCHEDULING

Global scheduling is concerned with the discovery and selection of available Grid resources that provide
the minimum tardiness and the SLA’ s compute resource regquirements. The global scheduling is performed at
the level of the SS agent using a negotiation protocol based on the Contract Net Protocol. The Contract Net
Protocol is a high level protocoal for achieving efficient cooperation in agent-based systems [5] introduced by
Smith [14] based on a market-like protocol. In this protocol, agents exchange task announcements, bids, and
awards for distributed task allocation. The SLA negotiation protocol allows the SS agents to negotiate with
the user agent and the LS agents the schedule of SLAs on the distributed Grid resources.

The proposed SLA negotiation protocol is a hierarchical bidding mechanism involving two negotiation
levels: Meta-SLA negotiation and sub-SLA negotiation.
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1. Meta-SL A negotiation level: In this level the SS agents and the user agents negotiate meta-SLAsS. A
meta-SLA contains high-level description of jobs supplied by the user and may be refined or additional
information may be added in the final agreed SLA at the end of negotiation. The negotiation steps are the
following:

a;. Meta-SL A-request: The user agent submitsa SLA to the nearest SS agent to request the execution of
a meta-SLA. The meta-SLA at this stage describes baseline user requirements such as required
resources over atime period, expected processing time, job start and end time, etc.

a,.. Meta-SL A-announcement: Upon receiving the meta-SLA-request from the user agent, the SS agent
advertises the meta-SL A-announcement to the neighbouring SS agents in the net.

a3. Meta-SL A-bidding: In response to the meta-SL A-announcement, each SS agent queries the LS agent
state database to check the availability of required resources for the job response time to identify
suitable set of resources. The SS agents select the best resources which satisfy the earliest execution
time and the SLA compute resource requirements. Each SS agent submits a meta-SLA-bid to the user
agent. The meta-SLA-bid describes the new estimated response time and the compute resources
required.

a,. Meta-SL A-award: The user agent, upon receiving the meta-SLA-bids, selects the SS agent with the
best meta-SLA-bid with the earliest execution time and sends a notification agreement to it. The
selected SS agent stores the agreed SLA in the SLA database. The user has now an agreement with
the Grid provider to use its resources.

2. Sub-SLA negotiation leve: in this level the SS agents negotiate sub-SLA with the LS agents. The SS
agents decompose the meta-SL A into its low level resource attributes, sub-SLAs which contain low level
raw resource description such as processes, memory processors, architecture, memory, disk size, CPU,
network, etc. The sub-SLA negotiation steps are the following:

b;. Sub-SL A-announcement: The SS agent sends the sub-SL A-announcements to the identified suitable
L S agents within the cluster under its control.

b,. Sub-SL A-bidding: The LS agents, upon receiving the sub-SL A-announcements, gquery the resource
record for information on CPU speed, memory size, etc. to identify suitable resources and submit
bidsto the SS agent.

b;. Sub-SLA-award: The SS agent evaluates the best sub-SLA in accordance to execution time and
resource/requirement match and sends a notification agreement to the LS agent with the best bid. The
selected L S agents update the resource record and reserve the resources to execute the job.

3.2 LOCAL SCHEDULING USING TABU SEARCH

The local scheduling is performed at the level of the LS agent which schedules the SLAs on the local
Grid resource. A Grid resourceis considered to be a set of processors or a cluster of workstations.

Consider a Grid resource with N hosts (processors). At a certain time, there is a set of S_As denoted by S
that wait to be scheduled to the suitable hosts. For each SLA in S we assume an estimation of the execution
timeis provided by the user.

The scheduling problem is defined by the alocation of a set of independent SLAs, S={SLA,, ..., LA} to
anetwork of hosts H={Hj, ..., H}.
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The expected execution time t;; of SLA; on host H; is defined as the amount of time taken by H; to execute
9 A.

The earliest possible start time ST; of SLA,.

The latest finish time FT; of SLA..

The expected completion time C; of SLA, on host H; is defined as the time at which H; completes SLA;.

The completion time of SLA; is defined by C; = ST; + 1j;

The lateness of LA, is defined by Li= max {0, C-FT;}

The maximum lateness is defined as:

I—max= max 1<i<S(|—i)
The abjective function is to minimise the maximum lateness:
min Ly

The Grid scheduling problem is an NP-hard optimisation problem. To solve this combinatorial
optimisation-scheduling problem, we propose to use a tabu search method [7] with short-term memory. To
generate the initial solution, we propose to use the following batch queuing heuristics: FCFS, Min-min, Max-
min, sufferage, and backfilling. Then the solution is improved by using two moves: SLA-swap and SLA-
transfer moves. The SLA-swap move swaps two SLAs performed by different processors. SLA-transfer
move shifts the SLA to another processor. The search evaluates all the possible moves, and then selects the
best move to apply, even if the move yields a worse objective value than the current one until the stopping
criterion is reached. Tabu search makes use of atabu list, where it stores all applied moves in order to avoid
cycles, by forbidding a move which reverses a recent one. In practice, each tabu move is initially given a
maximum count number, which is the chosen number of forbidden iterations. Then, each time the list is
updated the count number of each tabu move is decreased by 1, and on reaching zero, the move is removed
from the tabu list, thus becoming valid. When the best move is selected, the tabu list is checked to find out if
the move exists. If the best move is not tabu, it is applied to the current solution and then added to the list. If
the best move is tabu, then it cannot be applied unless the aspiration criterion holds when the resulting
objective value is higher than that of the best solution so far seen. If the criterion fails, then the best move is
discarded, the next best move is considered, and the process is repeated.

4. DISCUSSION

In this paper we have described an SLA negotiation protocol for the scheduling of the SLASs at the global
level of the Grid. For an efficient schedule of the SLAs to minimise the lateness of SLAs at the local level of
the Grid resource, we propose to use tabu search. The proposed novel scheduling methodology based on
SLA negotiation protocol and tabu search offer advanced degree of efficiency and flexibility in the
negotiation of the SLAs and their scheduling to satisfy user requests. Experiments will be conducted to
compare the performance of the schedules generated using simple batch queuing heuristics and the
scheduling model using the SLA negotiation protocol and tabu search.
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