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Abstract. Grid environment aims to facilitate networking and comput-
ing resources virtualization in carrier’s networks. Considering a set of job
demands generated at different nodes of the network, the main problem
consists in assigning the larger number of jobs to various remote com-
puters with a dual objective. First, jobs must be served in accordance
to their scheduling requirements. Second, the inherent networking and
computing costs of the jobs must be minimized. In this paper, we pro-
pose an original Integer Linear Programming (ILP) formulation of this
problem considering three possible marketing strategies for the carrier.
The first one corresponds to an auction sale process while the second
one aims to maximize the carriers’ benefit. We propose a third alterna-
tive strategy inspired by previous works carried out within our team for
the routing of scheduled traffic demands. The basic idea of our approach
consists in considering the time-space correlation of job demands for the
cost evaluation of their associated data-transfers and computation. A
set of numerical results outline the benefit of our strategy over the two
previous ones.

1 Introduction

According to its initial definition, Grid environment aims to satisfy computer
applications (or jobs) requiring massive data storage and high performance pro-
cessing. Nowadays, Grid environment (Grid networking) refers to the concept
of resource virtualization. Ideally, one aims to provide a service to the appli-
cation layer by using a set of distributed resources like storage and computing
devices. The problem of assigning computing resources to different types of jobs
has attracted considerable attention and has been studied intensively since the
beginning of the decade [1]. Many exact and heuristic approaches have been
provided in the literature for scheduling demands in Grid networks. In [2], the
authors compare the efficiency of different scheduling heuristics according to the
constraints imposed by the application layer. These constraints may correspond
for instance to the time window during which each job must be processed or
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to the network resources consumed by each job. In [3], both an exact and an
approximate approach are considered for jobs scheduling. A computing and stor-
age resources allocation strategy is also provided. In [4], an ILP formulation is
proposed for the assignment of computing resources to job demands and for the
routing of their associated Input/Output (I/O) data. The authors in [5] transfer
large data files using a two steps approach. The first one is an offline approach
that relies on past profiles of data transfers. Two situations may occur: either
the files finish earlier than scheduled, or the time given to them is insufficient
to transfer all the data, thus the scheduling is than modified in the second step
according to the situation.

In the context of Wavelength Division Multiplexing (WDM) optical networks,
the concept of Scheduled Demand (SD) has been introduced to deal with pre-
planned traffic. The routing of SDs in an optical network may be viewed as an
intermediate between static network planning and dynamic traffic engineering.
Within our team, multiple exact and approximate routing strategies have been
proposed for exploiting the time-space correlation among a set of SDs [6]. An
appropriate ILP formulation for the routing of SDs is proposed in [7], where the
setup and tear-down dates of the demands are known in advance.

In this paper, we assimilate the networking and computing resources proper
to a job as a SD. The setup and tear-down dates of this SD correspond to the
ideal time window during which the job must be executed. We then propose
an ILP formulation that merges the network awareness scheduling presented in
[4] and the SD routing strategy. Our ILP formulation considers three possible
objective functions corresponding to three different marketing strategies for the
carrier.

This paper is structured as follows. The typical Grid network configuration
and job characterization are presented in Section 2. In Section 3, we describe the
three objective functions corresponding to different marketing strategies for the
carriers. The ILP model is presented in Section 4. Numerical results are presented
in Section 5. Finally, we give in Section 6 our conclusions and perspectives.

2 Main parameters considered in Grid networking

2.1 Analogy between a job and a scheduled traffic demand

We assume that each network node may generate job demands and is also
equipped with computing facilities. We assume that a job is processed by a
single remote computer. We neglect propagation delays. Once the remote com-
puting site has been assigned to a job demand, the client node generating the
job transfers input data to this site for processing. The output data obtained
at the end of the computation are sent back to the client node where they are
stored. One assumes an infinite storage capacity at the client nodes. The routing
of I/0 data of a job may differ according to their bandwidth requirements. Let
us consider a set of D job demands, where each demand 64 € D is described by
its:



e Activation time -4 and teardown time 74: These two parameters in-
dicate the period of time during which the demand needs to be executed.
This period includes the I/O data transfers inherent to the execution of the
demand. It may be chosen in order to enable a certain time flexibility in the
execution of the job [8].

e Input/Output (I/O) data df, and d9: These two parameters correspond
to the size in bits required for input and output data transfers respectively.

e CPU power pg: This parameter represents the processing capacity in MIPS
required by the demand §4 during its processing period.

e Submission site sgz: The site s; from which the demand accesses the net-
work. The output data generated after the demand has been processed is
then stored in the same site sgq.

e Budget wg: This parameter corresponds to the price a client node is ready
to pay for the execution of its job.

2.2 Network parameters

We model a Grid network as a set C of computing resources, where each site ¢
(c € C) represents a cluster or a group of computers connected together through
a high bandwidth network. Each site is also described by its processing capacity
P. and can satisfy up to N, demands at a time. Independently, a node ¢ may
generate job demands to be computed on any available computing site in the
network. We also model the network as a collection of links (u,v) € &, where
(u,v) € C x C. Each link is made of two contra-directional fibers of maximum
capacity B, ) in bit per second.

3 Three possible marketing strategies for Grid
networking operators

Considering the computing and networking costs, three possible marketing strate-
gies are possible for a Grid network operator. The buyer (the client node) who is
the initiator of the demand, is ready to invest a certain budget for the satisfac-
tion of his demand. The operator in charge of assigning jobs to remote computers
is the seller ( the carrier). These strategies are summarized in three distinct ob-
jective functions f; (i € 1,2,3) introduced in the ILP formulation described in
the next section.

— A first objective function f; aims to maximize the number of accepted de-
mands independently from their effective cost. This approach typically cor-
responds to an auction sale of Grid services. Each client node proposes a
budget to obtain the satisfaction of its job. By convention, this budget is
chosen randomly from zero up to the highest possible cost. In practice, this
highest cost corresponds to the highest networking and computing cost com-
bination.



— A second and intuitive objective function f consists in assigning a job to
remote computer only if the budget paid by the buyer is greater than the
effective cost of the demand. In this context, f5 tries to maximize the number
of selected demands.

— We propose a third and more original objective function f; that aims to
maximize the number of accepted demands in considering the impact of
network and computing resources reutilization on the total cost, that is the
cost for provisioning a set of demands. For instance, let us consider a demand
with b% = 10 Mbps on a link (u, v) with B(y,») = 2.5 Gbps. If this demand
is active from 8 am to 9 am and that another demand had been accepted on
this same link (u, v) from 4 am to 5 am requiring 100 Mbps of bandwidth,
the carrier may accept the current demand whatever the budget of the buyer
is, since it has already installed sufficient resources in his network. In other
terms, the current demand may be accepted even if its budget is lower than
its effective cost.

In the following, costs are expressed in cost units which are currency agnostic.

4 ILP formulation

Let us consider a set D of job demands §; (i € 1,2,... N,) generated at different
nodes of a network. The network is characterized by a graph G[C,£], where C is
the set of nodes and £ is the set of optical links. In this section, we propose an
ILP formulation for the assignment of a set of jobs J; to the various computing
sites ¢ € C. An intuitive objective consists in enabling the provision of the
highest number of jobs at the lowest cost both in terms of consumed network
and computing resources. As mentioned in the previous sections, the time periods
during which jobs are served must respect a certain scheduler. For each accepted
SD, our formulation provides the location of the computing site of the job and
the two routes on which are transmitted the input and the output data between
the client node and the computing site. The following parameters are considered
as inputs for our ILP formulation:

® C(y,v): cost of link between node v and node v
e (. cost of computational resource at the computing site ¢
e {": set of discrete time instants, t"* € T
e ty'": a subset of ¢t proper to dq where ¢7' = 1 if and only if {™ € [fyd‘, Nd)
e 6q: a set of SDs 64 € D described by dq = (b)), b5, Pa; Sa, wa) where, b, and b]
. i/o
are the I/O bandwidth of the demands defined by b;/ ¢ = nji ot Parameters

Dd, Sd, wq have been described previously in section 2.1.

The variables required for the ILP formulation are listed below. We note that
all our variables, common to the three objective functions, described in section
3, are binary.

e 14 = 1 if and only if d4 is accepted for execution



. I/Ogu’”) = 1 if and only if 4 uses link (u,v) for routing I/O data at any
time

. I/Og?;:) =1 if and only if 64 uses link (u,v) for routing its I/O data at time
instant ¢

e S5 =1if and only if §4 uses resource c for storage

e y5 = 1if and only if §q uses resource c for processing at any time

® yg, = 1if and only if 04 uses resource ¢ for processing at t"™.

4.1 Constraints

Zyg =z4 Vd ; Yam = Ya tqd  Vd,Ym,Vc (1)

In (1), the first constraint forces an accepted demand to use computational
power of a single computing node. The second constraint reserves computational
resource of a computing node ¢ only during the active period of the demand.
Thus, resources are free again after the demand has been processed.

1/05" <xq VA Y(uw) 5 IOV =I1/OS) -t Wd,¥(u,v),¥m (2)

The first equation in (2) allows any job demand d,; to use multiple fiber links.
The second equation in (2) specifies that I/O bandwidth capacity is reserved on
each of these fiber links only over the active periods of d4.

e  Jzaife=sq
Sa = { 0 otherwise v, Ve (3)

In (3), we state that the storage site of a demand 44 is its inherent client site.

nyx,m <Ne Z(yé,m pa) < P.  Ve,Vm (4)
d d

The two constraints in (4) declare that a processor can be time-shared by N,
demands at a time and that the processing powers of these demands should not
exceed the capacity of the processor at that time.

S0 15 + b5 O8I < By V(w,v),¥m (5)
d

In (5) we state that, at any time t,,, the bandwidth of the demands using link
(u,v) for their input or their output data at that time should not exceed the
bandwidth of the link. Note that because of the time limited computing resource
reservation of a scheduled demand (or job), a processor may satisfy globally more
than N, demands over a day thanks to resource reutilization.

ST ST = 88— gy v, Yu (6)

v v



D05 =300 = yi — St vd Yu (7)

v v

The flow conservation in the network for input and output data is formulated in
(6) and (7), respectively.

4.2 Objective functions

Additional constraints must be added to two of the three cost functions intro-
duced in section 3.

function 1: max Z(wd “Zq) (8)
d

We have described in section 3 the principle of auctions that consists for a carrier
to serve in priority the customers who are ready to pay up to a certain limit a
higher price than other customers for a similar service. In that sense, function 1
alms to optimize the carrier’s benefit.

function 2: max Z(wd g — Cq) (9)
d
where:
C=0a- Y (Corpa-yf) + B Y Coum - 157" +13-04)  (10)
c (u,v)

In (10), ¢4 is an additional variable defining the cost of a demand for using
network links and CPU resources. The parameters a and § are introduced in
order to balance in the cost (4 the fraction due to computation and the fraction
due to data transfers. Equation (9) rejects a demand if its cost (g it greater than
its budget wy. It maximizes the benefit of the carrier by maximizing the number
of selected demands.

function 8: max Z(wd Sxg) — Z Z () — Z Z. (11)
d c

(u7v)

In (11), Z(y,) and Z. are two additional variables defined by the following two
constraints:

Ly 2 S 0 180 405087 5 Ze= Y (pa i) (12)
d d

For a given set of job demands D, our ILP formulation is applied to a finite
period of time A that covers all the time intervals [vy4,7n4] associated to each
of these demands. Function Z,,) evaluates the upper bound over A of the
bandwidth consumed on the fiber link between nodes v and v. Similarly, function
Z . evaluates the upper bound over A of the computing power consumed on node



c. By commodity, we introduce a total cost ¢ that will be used in section 5.3 to
comment our numerical results.

6= Zuw+ Y Ze (13)

(w,v) e

5 Numerical applications

5.1 Network topology

The topology considered in our simulations is depicted in Figure 1. It is made
of 6 sites corresponding to 3 core nodes and 3 edge nodes. The core nodes are
characterized by a CPU capacity 3 times greater than the CPU capacity of the
edge nodes. The storage capacity at each of the 6 sites is assumed to be unlimited.
Let us remind that each of the 6 sites also corresponds to a client node able to
generate job demands. The core nodes are connected to a bi-directional optical
fiber ring with a 5 Gbps capacity. Each edge node is connected to a core node by
means of a point-to-point bi-directional fiber link with a 2.5 Gbps capacity. It is
important to recall that we neglect propagation delays in our ILP formulation.

Fig. 1. The adopted Grid network topology

5.2 Traffic scenarios

We assume that for each job, the required input and output bandwidths are
identical (b3 = b9) and equal to 0.5 Gbps. We also assume that each core node
and its attached edge node generate job demands during a specific period of
time. Thus, each of these three pairs of core and edge nodes generates jobs over
a period of 8 successive hours per day. Let us call these three successive time
periods P; from midnight to 8 am, P from 8 am to 4 pm, and Ps from 4 pm
to midnight. The instant of activation 74 of a demand generated at a node c is
uniformly distributed over the time period P; associated to the localization of
this node. The tear-down time 74 of this demand is randomly distributed over
the interval [v4, 24 hours].



5.3 Numerical results

We have underlined in section 2.1 the benefit, in terms of cost, of considering job
demands as scheduled traffic demands. Instead of cumulating independently the
networking cost of each job, we try to reuse in the best possible way the same
network resources for different jobs according to their time-space correlation.
Let us introduce the concept of total cost ¢; (see equation 13), where i stands
for the index of the adopted objective function f; (see section 3). This total cost
represents the summation of two terms referring to the consumed bandwidth
and to the consumed CPU. Let N; and N, be the total number of generated
jobs and the total number of accepted jobs over 24 hours.
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Fig. 2. Global budget and total cost of accepted demands

In Figure 2, we compare in three different sets of curves the global budget
W; (the total income for the carrier) and the total cost ¢; (networking and
computing costs) versus N, for each of the three objective functions f;. One
observes that for the three functions, the benefit of the carrier (W; — ¢;) is
always positive. Function f; aims to maximize the income of the carrier via an
auction process in neglecting the effective cost of each demand (Figure 2(a)).
Function fy aims to maximize the cumulated benefit induced by each demand.
In this case, a demand is accepted only if the budget of the buyer is greater
than the cost of this demand for the carrier (Figure 2(b)). Function f3 also
alms to maximize the benefit of the carrier. Meanwhile, it does not impose each
accepted demand to provide a benefit but simply the combination between all
the demands to do so (Figure 2(c)). The rationale behind this rule consists in
neglecting the network cost of a demand on a given link if one knows a priori
that a higher network cost is required by another demand on the same link at a
different time period. Numerically, one observes that W, is equal to 1326, 1170
and 1320 for i = 1,2, 3 respectively when N, = 400. Similarly, ¢; is equal to
154, 107 and 131 for ¢ = 1,2, 3 respectively when Ny = 400. In these three cases,
N, = 186,153 and 186 respectively. The budget being proportional to N, it is
normal that this budget is quite similar for objective functions f; and f3. It is
to be noted that f3 provides a total cost lower than f; for the same number of
accepted demands thanks to its proper rationale.
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Fig. 3. Gain provided by the three objective functions

In order to outline the differences between the performance of the three
objective functions, we have plotted in Figure 3 the gain inherent to each function
fi versus N, deducted from the curves plotted in Figure 2. Functions f; and f3
provide a higher gain than function f2. The reason why f3 enables a greater gain
than f5 is due to its intrinsic rationale which make it agnostic to the unitary cost
of a demand. Thus, a demand §; may be accepted under fs in spite of having
a cost (4 higher than its budget wy. This is possible due to the fact that it can
reuse the network and/or the computing resources of other demands.
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Fig. 4. Number of accepted demands (a); Total cost (b); Average cost (c)

Figure 4 illustrates in three successive sets of curves the fluctuations of N,
¢; and the average cost of an accepted demand ]‘\ﬁ}a versus Ny. It is important
to note that, although f; and f; enable approximately the same number of
accepted demands (Figure 4(a)), f3 provides such a result at a lower total cost
than f; (Figure 4(b)). Figure 4(b) shows that f3 induces a higher total cost than
fo; this is simply due to the fact that f3 accepts a higher number of demands
than fy. The main benefit of objective function f3 is that it provides the lowest
average cost while enabling a benefit comparable to the auction policy (function
f1)- Hence, from Figure 4(c) we see that the lowest average cost per accepted
demand is provided to us by maximizing fs.




6 Conclusion and perspectives

In this paper, we have proposed an exact formulation for resource virtualization
and job scheduling in Grid networks. For that purpose, we have defined an
ILP formulation of the problem enabling to optimize the number of accepted
jobs according to three marketing strategies. The simplest strategy is based on
the auctions’ principle. Another and intuitive strategy consists in maximizing
the number of demands that guarantee a benefit for the carrier. We propose a
third and original strategy that tries to maximize the number of accepted jobs
while taking into account the time-space correlation of their associated I/O data
transfers. In order to compare numerically these three marketing strategies, we
have considered different traffic scenarios with an increasing number of generated
demands. Our numerical results show that our strategy (function f3) provides
a benefit lightly greater than the auctions’ principle and clearly superior to the
intuitive approach. At the same time, this strategy guarantees the lowest average
cost for the provision of a job.

In order to increase the reliability of our results by means of confidence
intervals, our coming studies will first consider multiple jobs’ generation scenarios
for each value of Ny. In a second step, we will propose a heuristic model enabling
to consider more realistic scenarios with larger networks and higher number of
job demands. In these heuristics, the impact of propagation delays will not be
neglected.
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