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Abstract One of the goals envisioned by Grid com-
puting is to make the execution of both computational
and data-intensive problems possible. A key problem
is finding the optimal set of resources to use for each
submitted job, especially when we take network usage
into consideration. To address this problem, we intro-
duce an integer linear programming model, which in-
corporates the functions of job admission control and
resource assignation. Scheduling decisions are based on
a cost model for resources. We analyse our algorithm
in terms of job acceptance rate, resource utilization and
average job queueing time. The results show the correct-
ness of the model, and prove the importance of network-
awareness in grid scheduling algorithms.

Keywords: Grid Computing, Integer Linear Program-
ming, Scheduling Strategies.

1 Introduction

Grid computing [1] assembles geographically dis-
tributed computer resources into a virtual su-
percomputer, allowing co-allocation of computing
power and data-sharing functionality. Research
projects such as the European DataGrid [2] esti-
mate that the data to be shared will soon reach
Petabyte scale. This not only puts severe con-
straints on the computational and storage re-
sources, but also on the network which transports
these datasets.

A scheduling algorithm must answer the fol-
lowing fundamental question: Which resource set
should be used when for each job? We will present
an integer linear programming (ILP) model [3],
which incorporates both admission control and re-
source allocation functions. We then investigate
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the behaviour of our algorithms under different grid
and job loads, and pay special attention to the ef-
fects of network constraints in grids.

Existing grid scheduling algorithms show limited
interest in bandwidth usage. For instance, James
et al. present and evaluate several heuristics in [4],
as do Hamscher et al. in [5], but none take network
constraints into account. Recently, Ranganathan
and Foster combined resource assignation and data
replication algorithms in [6]. Our paper takes a
different approach: we don’t allow data replication,
but instead consider the network topology a first-
class entity of our scheduler.

The rest of this paper is organized as follows. We
introduce our grid model, along with various nota-
tions, in Section 2. Then we present our scheduling
algorithms, and proceed by describing our evalua-
tion setup. Our results, together with their analy-
sis, are given in Section 5. Finally, we conclude and
discuss future work in Section 6.

2 Grid Model

2.1 Resources

A grid is composed of a set of computational re-
sources C and a set of storage resources S. Each
element ¢ € C (s € S) has a processing (storage)
capacity of P. (D) units, and the cost for using
the resource during one unit of time is given by C?
(C%). Additionally, we introduce a set of router
resources R, whose elements perform the familiar
store-and-forward function of a packet router. We
will assume throughout this paper that the forward-
ing capacity of each router is sufficient for all traffic
sent through it. Note that the computational and
storage resources also have this router functional-
ity. Since all these resources are connected over a
network, we introduce a set of edge resources &.
Likewise, an edge resources offers a bandwidth ca-
pacity of B, units, and has a usage cost of C%. If
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Figure 1: Periodic scheduler

we let V = {C,S,R} be the set of nodes, and &
be the set of edges, then it is straightforward to
model a grid infrastructure as the directed graph

Gg=W,é&).

2.2 Jobs

Let J be the set of jobs. Each job j € J is char-
acterized by its processing rate p;, the size of the
input (output) datasets d; (d}’), and the input (out-
put) bandwidth b7 (b}'). Also, each job has a bud-
get w;, which will be payed when the job is ac-
cepted for execution. If we suppose that the input
(output) bandwidth suffices to complete the input
(output) data transfer, we are able to deduce the

T w

. . . d; dj
running time of the job as t; = max (3%, 77).
i b

3 Scheduling Algorithms

3.1 Operation

Fig. 1 details the operation of our scheduler.
Scheduling is performed at periodic instants (pe-
riod length T') in time, which allows us to react to
the grid’s changing state. The ILP model incor-
perates two functions: job admission control and
resource assignation. Thus, a solution of the ILP
model tells us whether or not a job is accepted for
execution, and if so, which resources it may use.
Accepted jobs are all started immediately and at
the same time; rejected jobs are transferred auto-
matically to the next scheduling round. Since no
jobs can be started in between scheduling rounds,
a job will occupy its assigned resources during a
whole number of period lengths. In effect, resources
are reserved for the duration of k; = f%ﬂ periods,
and not for the real running time of a job.

3.2 Variables

In each scheduling round, we introduce three sets
of binary variables:

1. z; =1 <= job j is executed

Y5, =1 <= jobjuses CRc
2. yj,=1 <= input of job j stored on SR s
yjs =1 <= output of job j stored on SR s
3 zjo =1 <= input of job j uses edge e
"~ zjo=1 <= output of job j uses edge e

3.3 Objective Function

The following function expresses the cost associated
with the execution of a task:

Cj = a-ki-Y (CP-pjyh)+

ceC

Bkj Y (CF - (djyf, + dYyl)) +
SES

vk > (CL- (B2 + b))
ecé

The parameters «, § and v (0 < «, 8,7 < 1) al-
low us to assign priorities to specific resource types.
However, we kept all parameters constant and equal
to 1 in our simulations. We now define the objec-

tive function:
> (wj -z = Cy).
JjeET
The proposed objective function expresses the
profit a scheduler will make; clearly, our scheduler
is interested in maximizing this function.

3.4 Constraints

The first set of constraints (Eq. 1) express that an
accepted job will use ezactly one computational re-
source, while Eq. 2 limits the amount of usable ca-
pacity (analogous constraints are necessary for stor-
age resources):

VieT:Yy v = (1)
ceC

VeeC: ijyfc < P (2)
JjET

Edge resources require an analog to Eq. 2, and
a constraint which states that an accepted job uses
at least one edge resource (Eq. 3). Additionally,
the association between edges and nodes is made
in Eq. 4 (analogous equations for z}"e)

VieJ,Vee&: 2], < (3)
Vie J,YueV:
—yb,, fueC
Z Z;(u,v)_ Z z;(mu) =4 +tyj,, Hues
veVY vey 0, otherwise
(uw)€E (v,u)e€

(4)
We used the well-known dual simplex method to
obtain solutions of our ILP-formulated problem.



resource type capacity cost per period
computational | 500 MFLOPS 1
storage 6 Gb 1
network 155 Mbps 1

Table 1: Resource capacities and costs

parameter mput  output
processing power (MFLOPS) 50
storage space (Mb) 300 300
bandwidth (Mbps) 20 20
budget 1000

Table 2: Job requirements

4 Evaluation Setup

4.1 Topology

We used the Waxman model to generate 10 ran-
dom network topologies. A network consists of 15
nodes, each node having a connectivity of 2. We
then randomly selected 5 computational, 5 storage
and 5 router resources. All resource characteristics
are held constant; Table 1 summarizes their capac-
ities and costs.

4.2 Jobs

All submitted jobs have identical characteristics;
these are detailed in Table 2. It follows that the
execution time of a job is ¢; = % = 15 time units
(see Section 2.2). Also note that the assigned bud-
get is sufficient for execution, and that each com-
putational resource can run at most 10 jobs concur-
rently. The same number of jobs can also be sup-
ported by one storage resource if both input and
output of all jobs is assigned to the resource.

Job requests are generated at computational re-
sources, and the arrivals follow a Poisson process.
As it is undesirable to assign the same average num-
ber of arrivals to all arrival sites!, we proceeded as
follows. First, we established the maximum average
number of arrivals (AT"),,q, for all sites. Then, we
assigned each site its average number of arrivals by
selecting uniformly from the interval [2, (AT)maz]-
Finally, each site generated job requests at their
assigned average during each period.

4.3 Scheduler

We performed evaluations for 10 random topolo-
gies, executing 5 runs for each topology. All evalua-
tions (except those in Section 5.3) have a scheduling
period of T' = 20 time units, which means that all
jobs can run to completion within the period they
were started. Simulation time is 10 scheduling peri-
ods in all cases. Jobs which are not accepted at the

Ithis would give rise to a symmetrical scheduling problem

100 28

g
S o 26
2 155 Mbp 21
S 90
3 2
g & 40 Mbp 20 2
S 80 18 E
G 16
S 14
g 70 1
w

65 Lx—x 10

o 5 10 15 20 25 30

Maximum job arrivals per site

Job acceptance rate —+—
Average job queueing time —*—

80

70
60
50

Resource utilization (%)

40 Nodes ——
Edges ——
30
20
10 /M,ﬁ»—‘w
0 . . . . .
0 5 10 15 20 25 30

Maximum job arrivals per site

Figure 2: Influence of (AT)max

end of these 10 periods, are not taken into consid-
eration for the calculation of the average queueing
time.

5 Simulation Results

5.1 Task Arrivals

Fig. 2 shows the acceptance rate for different val-
ues of (AT)mas (as defined in Section 4.2). Satis-
fying all job requests is possible for much higher
values of (AT")qz in the case of B, = 155 than for
B. = 40 Mbps. The average queueing time (taken
for B. = 155) shows an increasing trend for larger
values of (AT )naz- For alow number of arrivals, we
get an average queueing time of 10 time units (50%
of the period length), which means that all jobs
get executed at the first possible scheduling round.
Fig. 2 also shows the utilization of both node and
edge resources; the node utilization for B, = 155
Mbps approaches 75%, which is exactly the ratio of
the job execution time and the period length.

5.2 Network Bandwidth

We start by establishing (A1), = 10. Fig. 3
shows both the acceptance rate and the average job
queueing time. We see here that a minimum of 40%
of 155 Mbps is necessary to support the given load;
going below this value drastically reduces perfor-
mance. Also, the node utilization is constant and
a little over 40% (see also Fig. 2 for (AT)mes = 10)
when at least 40% of 155 Mbps is available.

5.3 Period Length

As before, we established (AT)q, = 10. Fig. 4
shows the acceptance rate for different values of the
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Figure 3: Influence of bandwidth

period length, in which we see a step-like function
emerge. As long as the period is greater than or
equal to the running time of jobs, all jobs can be
accepted. Taking the period length smaller than
the job running time, implies resources will be re-
served for two periods, although the resources are
not utilized until the end (see also Section 3.1).
We see the same behaviour when the period length
equals whole fractions of the job running time. This
also explains the spiked pattern of the average job
queueing time, where optimal values are obtained
by taking the period length equal to whole fractions
of the job running time.

6 Conclusions and Future

Work

In this paper we discussed the need for Grid
scheduling algorithms which support network con-
straints. To this end, we proposed an Integer Lin-
ear Programming model, which accurately models
compute, storage and network resources, and has
support for economic parameters. We also showed
how this ILP model can be incorporated in a Grid
scheduling framework, and presented evaluations of
our algorithms. We used well-known performance
parameters, such as acceptance rate, average job
queueing time and resource utilization.

Our results show that our scheduler behaves as
expected under a broad range of job request loads.
Still, even when much of the grid’s resources are
used, the scheduler optimally places new jobs. We
also investigated the effect of available bandwidth
in the network and determined a cut-off value; stay-
ing above this value wil always yield acceptable per-
formance. Finally, we studied the effects of the
scheduling period length, and clearly showed the
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existence of optimal values.

Further research will focus on the impact of
changing job requirements, for instance by intro-
ducing several job request categories. Furthermore,
we will investigate the choice of the scheduling in-
stants, and try to gain insight in the effect of the
economic parameters in our model. Given the lim-
ited scalability of ILP-formulated problems, we ul-
timately wish to extend our algorithms and develop
a decentralized grid scheduler.
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