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Abstract Computational Grids consist of a mul-

titude of geographically distributed resources. The

co-allocation of several of those resources allows for

the execution of highly computing-intensive and data-

intensive jobs. In order to obtain quality schedules (in

terms of job response time and resource utilization), dif-

ferent factors such as resource load (computational re-

source load and bandwidth usage) and data location need

to be taken into account. In addition, because of the size

of realistic Grids, relevant parameters w.r.t. schedule

quality can often only be obtained through simulations.

In this paper, we detail how a discrete-event simula-

tor was extended to support the simulation of schedul-

ing both cpu- and data-intensive jobs on a Grid using

network-aware scheduling algorithms. These jobs can

either pre-stage data, or access data remotely while ex-

ecuting. We examine the case in which resource-to-

resource data connections with guaranteed bandwidth

can be set up, both when capacitated Virtual Private

Networks (for certain job classes) are defined upfront

and when connection requests for all jobs are dealt with

in a pure First Come First Serve way. Our results

show that in order to generate quality grid schedules,

it is necessary to take into account network status in-

formation in the scheduling algorithms in order to im-

prove the average job response time. Furthermore, we

show how making upfront bandwidth reservations in-

duces fair sharing of network resources between differ-

ent job classes and thus improves the weighted average

response time.

Keywords: Grid Scheduling Strategies, Grid Simula-

tion, Network-Aware Scheduling.

1 Introduction

Computational Grids [1] consist of the aggregation
of a dynamically changing set of heterogeneous re-
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sources, distributed over several locations. The
different resource types involved include computa-
tional resources, storage resources, data generating
instruments and the interconnecting network. The
combined power of the grid’s constituent resources
can be exploited to handle resource-intensive jobs.
Choosing resources on which to execute a job is
done by a scheduling algorithm. Due to the typical
job sizes (job duration and data sizes) involved, and
limited network bandwidth availability between re-
sources (when compared to e.g. a local cluster), net-
work load and data locality are crucial decision fac-
tors. Indeed, as input data needs to be present at
the execution site at the time it is needed, available
bandwidth (or lack thereof) determines the actual
starting time of a job when all its input data is pre-
staged to its allocated computational resource; if
job execution can start in parallel with the transfer
of its input data (e.g. that job accesses its input
data in a sequential block-per-block way) the job’s
computational progress rate is also limited by that
bandwidth.

Taking a look at the resource-to-resource net-
work connections (the receiving end being the job’s
execution site) over which job input data is trans-
ferred, one can distinguish between several ap-
proaches to allocating these connections: they can
be set up on demand for all jobs, or alternatively,
resources can be connected in a VPN offering per-
service bandwidth guarantees. In the latter case,
jobs can only request connections within the VPN
corresponding to their service type.

For both cpu-intensive and data-intensive jobs,
we investigate these different data access and con-
nection setup patterns for different network scenar-
ios. To this end, we have used NSGrid [2], our
in-house developed Grid simulator built on top of
ns-2 [3]. We have extended it to deal with the con-
cepts described above, and have used it to compare
schedules produced by different algorithms (taking
into account computational resource load, network



bandwidth and job class) in terms of job response
time and resource utilization.

This paper is structured as follows: in section 2
we give an overview of related work. Section 3 de-
tails the simulation models and components rele-
vant to network-aware scheduling that were intro-
duced in our simulator. Section 4 elaborates on the
different Grid scheduling strategies used, while the
evaluation of those strategies (using NSGrid) for
different job classes in a typical Grid topology is
detailed in section 5. Finally, section 6 summarizes
the paper and briefly addresses future work

2 Related Work

Grid scheduling is a research area receiving a lot of
attention. For instance, distributing work packets
for collaborative computing efforts (e.g. SETI [4])
to computational elements is discussed in [5]. Be-
cause of the application’s particular nature, the grid
can be modelled as a tree, with all work packets
originating from the root node. Grid scheduling
strategies which take both computational resource
load and data locality into account are discussed
in [6]. The network connecting different sites is
not simulated, but it is assumed that the different
sites are connected through a VPN-like construc-
tion over which TCP communication occurs. Sce-
narios where files are pre-staged are considered, but
data transfers in parallel with job execution are not.

The Metacomputing Adaptive Runtime System

(MARS [7]) is a framework for utilizing a heteroge-
neous WAN-connected metacomputer as a distrib-
uted computing platform. When scheduling tasks,
the MARS system takes into account Computa-
tional Resource and Network load, and statistical
performance data gathered from previous runs of
the tasks. The MARS approach differs from the
scheduling model simulated by NSGrid, as NSGrid
allows for service-differentiated scheduling.

Existing Grid simulators include Bricks, Micro-
Grid, SimGrid and GridSim. The Bricks Simula-
tor [8] focuses on client/server interaction in global
high performance computing systems. It allows for
a single centralized scheduling strategy, which does
not scale well to large Grid systems and does not
support the notion of multiple (competing) sched-
ulers.

MicroGrid [9] is an emulator modelled after
Globus, allowing for the execution of Globus-
enabled applications on a virtual Grid system. Re-
search into the area of Grid scheduling algorithms
can be cumbersome with this kind of approach,
since it requires the construction of an actual ap-
plication to test.

SimGrid [10] is designed to simulate task

scheduling (centralized or distributed) on Grids.
Version 1 of SimGrid can be regarded as a toolkit
(which interfaces to the C programming language)
from which domain-specific simulators can be built.
The second version of SimGrid is dubbed MetaSim-

Grid [11] and is essentially a simulator built upon
this toolkit to enable the construction of simula-
tions with multiple schedulers (as C programs).
Models for network links as well as for TCP connec-
tions are present in SimGrid. This validated TCP
implementation allows for smaller simulation times
when compared to the packet-level TCP simulation
performed by network simulators. Of course, simu-
lations using other transport protocols that are not
readily available in SimGrid require these protocols
to be implemented first.

GridSim [12] is a discrete-event Grid simulator
based on JavaSim [13]. This simulator allows sim-
ulation of distributed schedulers, and is specifically
aimed at simulating market-driven economic re-
source models. While its computational resource
models are highly configurable, only a basic notion
of network connectivity is supported and underly-
ing network dynamics are not accurately simulated.

3 NSGrid

The next section gives an overview of the basic
Grid components (and their functionalities) as im-
plemented in NSGrid. We focus on the models
that are of particular importance for network-aware
scheduling; more detailed information on the other
models can be found in [2]

3.1 Grid Model

In NSGrid, Grids are modelled as a collection of
interconnected and geographically dispersed Grid

sites. Each Grid Site can contain multiple resources

of different kinds (their modelling is explained in
[2]) such as Computational Resources (CR), In-
formation Resources (IR), Storage Resources (SR)
and network resources. A key property of this
model is the explicit treatment of the network as
a “resource”, allowing the scheduler to take deci-
sions based on observed and expected future load of
the network interconnecting the different process-
ing/information/storage elements.

At each Grid Site, resource properties and sta-
tus information are collected in a local Information

Service. Jobs are submitted through a Grid Portal

and are scheduled on a collection of resources by a
Scheduler. To this end, the scheduler makes reser-

vations with the Resource Managers; in our en-
vironment, a Connection Manager manages a col-
lection of network links, while the Computational,
Information and Storage Resources double as their



(a) Grid Topology (b) Grid Site decomposition

Figure 1: Grid model

own manager. Each site has a Replica Manager

that enforces a data replication strategy (caching
input data for jobs at a site’s local Information Re-
source). All these entities are attached to their
own ns-2 node in the underlying simulated net-
work. LAN links interconnect a Grid Site’s local
resources, while Grid Sites themselves are intercon-
nected by means of MAN and WAN links.

3.2 Network Model

Interconnections between resources are modelled as
a collection of point-to-point connections, each of-
fering a guaranteed total bandwidth available to
Grid jobs. Of course, these connections can only be
set up if, in the underlying ns-2 network topology,
a route (with sufficient bandwidth capacity) exists
between the nodes to which these resources are at-
tached. Grid resources can also be interconnected
by means of capacitated VPNs: in this case, a VPN
tunnel (with guaranteed bandwidth availability) is
set up between two Grid resources for a particular
Grid job service type. This VPN tunnel carries all
connections matching the VPN’s endpoints and ser-
vice type. Such connections can be setup as long as
the VPN’s residual bandwidth can satisfy the con-
nection demands. VPNs allow for the upfront reser-
vation of bandwidth for a particular (prioritized)
service type. The Grid scheduling component we
implemented bases its calculations on these con-
nections’ bandwidths and makes reservations with
resources in such a way that an average throughput
for each connection equal to its “guaranteed” band-
width is obtained. This means that the produced
schedules are also correct w.r.t. network bandwidth
usage, even if in reality, a network management

infrastructure allowing the reservation of end-to-
end connections with guaranteed bandwidth is not
available.

Connections and VPNs (and the accompanying
reservations) in NSGrid are managed by the Con-
nection Manager components. Connection reser-
vations are specified by two distinct endpoints, a
service type, maximum delay and guaranteed min-
imum bandwidth.

Realistic Grid topologies can be manually coded
in Tcl, or imported in NSGrid from GridG (a com-
putational Grid generator [14]) output.

3.3 Job Model

The atomic (i.e. which cannot be parallelized) unit
of work used throughout this paper is coined with
the term job. Dependencies between individual jobs
(described by a Directed Acyclic Graph) can be ex-
pressed using the notion of Jobgroups. Each job is
characterized by its length (time to execute on a
reference processor), its required input data sets,
its need for storage (used for output data), and the
burstiness with which these data streams are read
or written.

Knowing the job’s total length and the frequency
at which each input (output) stream is read (writ-
ten), the total execution length of a job can be seen
as a concatenation of instruction “blocks”. The
block of input data to be processed in such an in-
struction block is to be present before the start of
the instruction block; that data is therefore trans-
ferred from the input source at the start of the pre-
vious instruction block. Similarly, the output data
produced by each instruction block is sent out at
the beginning of the next instruction block. We



assume these input and output transfers occur in
parallel with the execution of an instruction block.
Only when input data is not available at the begin-
ning of an instruction block or previous output data
has not been completely transferred yet, a job is
suspended until the blocking operation completes.
A typical job execution cycle (one input stream and
one output stream) is shown in figure 2. The pre-
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Figure 2: Input-blocking job

sented model allows us to mimic both streaming

data (high read or write frequency) and data stag-

ing approaches (read frequency set to 1).

3.4 Data Replication

At each Grid Site, a Replica Manager can enforce a
local replication strategy, meant for lowering overall
network usage by replicating data needed by jobs to
the site’s local Information Resources (IRs): when
a job is executing on a CR, and this job gets its
input data from a remote IR, the Replica Manager

will decide whether the input arriving at the CR
must be replicated to the local IR. Different repli-
cation/replacement strategies can be used for this:
least recently used, weighted popularity, etc.

4 Scheduling Algorithms

When jobs are submitted, a Grid Scheduler needs
to decide where to place the job for execution. The
scheduling algorithm used in making this selection
has a big impact on Grid performance, and influ-
ences overall Grid job throughput, Grid resource
efficiency etc.

Our Grid Scheduler uses a queuing approach: if
the scheduler is unable to allocate the needed re-
sources for a job, the job gets queued for resched-
ulement in the next scheduling round. Resources
are allocated to jobs in FCFS order and are chosen
in order to minimize that job’s response time. In
our implementation, for jobs needing a single input
dataset and generating a single output dataset, this
best CR-SR-IR combination is found through an
exhaustive search. The time between two schedul-
ing rounds can be fixed, but it is also possible to
set a threshold (e.g. time limit or number of un-

scheduled jobs in the queue) which triggers the next
scheduling round.

In what follows we will explain the relevant dif-
ferences between several scheduling strategies when
it comes to taking into account network status and
job structure information. Once scheduled, our
scheduler does not attempt to pre-empt jobs.

4.1 Network Awareness

Network aware scheduling algorithms will not only
contact the Information Services (for information
about resources that adhere to the job’s require-
ments), but will also query the Connection Man-
ager for information about the status of the net-
work links interconnecting these resources.

The connection manager can inform the Grid
Scheduler about the “best” (directed) connections
(in terms of bandwidth and delay) that can be set
up between two resources for a given service type.
Connections are established between a CR and an
SR (output data), or between an IR and a CR (in-
put data). When combining CR load information
with this network information, the Grid Scheduler

is able to accurately predict the response time of a
job when it is scheduled on some set of resources.
If only CR load were taken into account, the ac-
curacy of these predictions would decrease rapidly
with higher network loads: as the network becomes
a bottleneck, the job will slow down significantly
and its response time will increase.

4.2 Resource Locality Preference

When choosing resources, an optimal resource set
to be assigned to a job can clearly be found by ex-
amining all feasible resource sets. In reality, how-
ever, different resources (located at different sites)
will not incur equal costs. In absence of a resource
cost model, we have taken the following approach :
we discriminate between algorithms which look for
the overall best resource set (disregarding the ex-
act location of the various resources in the set) and
algorithms which prefer resources local to the site
at which the job to be scheduled was submitted.
Only if these local resources are unable to execute
the given job will the latter algorithms start look-
ing for remote (i.e. possibly located at sites different
from the local one) resources.

Of course, the exact composition of the optimal
resource set will depend upon

• the input data sets required by the job

• the availability of those data sets on the differ-
ent information resources



Therefore, schedule quality can be increased by use
of well-chosen data replication strategies (indepen-
dent of the job scheduling strategies). We refer to
section 3.4 for the approach implemented in NS-
Grid.

5 Simulation Results

5.1 Simulation Parameters

5.1.1 Topology

A fixed Grid topology was used for all simulations
presented here. This topology consists of 12 Grid
sites (each having a single CR, SR and IR) inter-
connected by means of WAN links (bandwidth of
these WAN links is parameterized in our simula-
tions). Each site also has its own Information Ser-

vice (storing Resource properties and status) and
local Grid portal (through which users can sub-
mit jobs). Local resources are connected through
1Gbps LAN links.

To reflect the use of different tiers in existing op-
erational Grids, not all Computational Resources
are equivalent: the least powerful CR has two
processors (which operate at the reference speed).
A second class of CRs has four processors, and each
processor operates at twice the reference speed.
The third - and last - CR type contains 6 proces-
sors, each of which operates at three times the ref-
erence speed. Conversely, we have 2 top class CRs,
4 second class CRs and 6 low-end CRs (containing
reference processors).

Since we have have focused on determining the
influence of the use of network resource status on
the schedule calculation, we have assumed that SRs
offer “unlimited” disk space that can be read and
written at “sufficiently high” speed (i.e. higher than
the needed data transfer bandwidths).

The use of different dynamic data replication
strategies has been studied extensively in [6].
Therefore, we have replicated 6 possible data sets
over the IRs in a static way. Each IR contains 3
out of these 6 possible data sets, and 50% of the
jobs submitted to a site can have local access to its
needed data set.

5.1.2 Job parameters

We have used two different job types in our sim-
ulations; one is more data-intensive (i.e. higher
data sizes involved), while the other is more cpu-
intensive. At each Grid Site, two “clients” have
been instantiated, one for each job type. Each
client submits mutually independent jobs to its
Grid Portal following a Poisson process. All jobs
need a single IR and a single SR. The ranges be-

tween which the relevant job parameters vary have
been summarized in table 1. Both job types make
up 50% of the job load; in each simulation, the job
load consisted of 1200 jobs.

CPU Jobs Data Jobs
Input(GB) 0.01-0.02 1-2

Output(GB) 0.01-0.02 1-2
Arrival Rate(1/s) 0.005-0.01 0.005-0.01
Ref. run time(s) 400-1200 200-400

Table 1: Relevant job properties

For each scheduling algorithm, we have chosen
to use a fixed interval between scheduling rounds
of 100s. From the arrival rates in table 1 and the
fact that multiple sites submit jobs simultaneously,
it follows that we are likely to find multiple jobs in
the queue at the start of each scheduling round.

5.2 Schedule Evaluation

5.2.1 Average Job Response Time

We define the response time of a job as the differ-
ence between its end time and the time it is sub-
mitted to the scheduler. This metric has been used
to compare all schedule instances with.

5.2.2 Input Data Pre-staging

In figure 3, we have plotted the average job response
time in four cases, differentiating between

• whether or not data is pre-staged (results for
pre-staging show up as the upper curve pair)

• whether or not local resources were preferred
(the uppermost curve of each pair)

Clearly, applications structured in such a way that
they can make use of the execution/transfer paral-
lelism have better response times. The disadvan-
tage of preferring local resources over the overall
best resource set is limited. In fact, if the amount
of data-intensive jobs increases (for this simula-
tion, half of the jobs was data-intensive), it can
be expected that this disadvantage becomes even
smaller, as data-intensive jobs benefit most from
being scheduled on geographically close resources
(due to replication and higher LAN bandwidth).

5.2.3 Influence of capacitated VPNs

If data connections are setup on demand using a
pure FCFS scheme, it is likely that data-intensive
jobs will quickly consume all the available band-
width, causing cpu-intensive jobs to remain queued
for a longer period of time.
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The upfront reservation of bandwidth to each job
type ensures that these cpu-intensive jobs will never
be excluded from remote execution (i.e. move to-
wards a faster Computational Resource). We have
simulated our job load again, but this time we have
setup VPNs for the two job classes (data-intensive
vs. cpu-intensive). We reserved more bandwidth
for the data-intensive jobs (20%− 80% ratio). The
job response time for the different algorithms in
this scenario is shown in figure 4. This approach
visibly improves the response time: cpu-intensive
jobs do not remain queued for an extraordinary
period of time, and as these jobs have high run
times, this has a significant impact on the average
job response time (response times in case capaci-
tated VPNs have been setup are shown in the bot-
tommost two curves, the higher one pointing to the
case where local resources were preferred).

Further fine-tuning of VPN parameters to job
characteristics (interarrival time, run time, band-
width requirements) might further improve the av-
erage job response time.
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6 Conclusions and future

work

In this paper we detailed important extensions
to a discrete-event Grid simulator to evaluate job
schedules taking into account network information.
These extensions include the ability to model differ-
ent connection setup patterns, the setup of capaci-
tated VPNs, and the ability to model jobs which ei-
ther pre-stage all data or have live access to remote
data. Our simulation results show opportunities to
generate significantly better schedules. In particu-
lar, it follows that upfront reservation of bandwidth
(between Grid resources) for certain job types can
improve the response time by avoiding that data-
intensive jobs monopolize available bandwidth. In
the cases studied, a reduction in average job re-
sponse time of about 10% was typically found.

In the near future, we plan to investigate the
quality of schedules produced by the network aware
algorithms under different Information Resource
data set replication strategies. In addition, these
algorithms will be evaluated for more elaborate
Grids. From the results presented in subsec-
tion 5.2.3, it seems worthwhile to pursue more re-
fined network aware algorithms that can take into
account a job’s service class, priority and computa-
tion/communication ratio. Due to service class dif-
ferences, we believe that the best results can be ob-
tained by applying algorithms specifically tailored
to schedule all jobs in one particular service class.
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