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Abstract

Grid computing isthe future computing paradigmfor en-
terprise applications. An enter prise application running on
a grid is composed of a set of SLA-constrained sub-tasks
demanding different types of services and resources such as
processors, data storages, service providers, and network
links. This paper formalizes the resource allocation prob-
lemfor S_A-constrained grid applications. The paper con-
sidersa very general case in which applications are decom-
posed into tasks that exhibit precedence relationships. The
problem consists in finding the optimal resource allocation
that minimizes total cost while preserving execution time
service level agreements. The paper provides a framework
for building heuristic solutions for this NP-hard problem,
presents an example of such heuristic, and provides a nu-
merical example.
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Univ. Roma “Tor Vergata”
casalicchio@ing.uniromaz2.it

The main goal of this paper is to formalize the resource
allocation problem for SLA-constrained grid applications.
The problem consists in finding the optimal resource al-
location that minimizes total cost while preserving execu-
tion time SLAs. It is well-known that this problem is NP-
hard. Thus, we provide an extensible framework for build-
ing heuristic solutions, present an example of such heuris-
tic, and provide a numerical example.

To the best of our knowledge, this is the first work
that addresses the problem of optimal resource allocation
in grid systems in a holistic maner. We consider different
types of resources, the dependency among tasks, cost, and
SLA constraints. Existing work on task scheduling and re-
source allocation in heterogeneous multiprocessor environ-
ments [13, 14] typically addresses the problems of mini-
mizing the execution or completion time and maximizing
the throughput. Existing work on task scheduling in grid

systems [3, 17, 18] assumes independent tasks that are ex-
ecuted on compute nodes. In [3] the authors propose an
application-level scheduling system for parameter sweep
applications, which are applications composed of a set
of independent (no task precedences) tasks. The heuristic

Grid computing [4, 7] is the future computing paradigm scheduling algorithms implemen_te_d_—min-min, max-min,
for enterprise applications [5, 6]. Large scale grids are com- @nd Sufferage [11, 10]—try to minimize the task comple-
plex systems, composed of thousands of components belion time. The Grid Harvest Service [18, 17] is a perfor-
longing to disjoined domains. Planning the capacity to guar- Mance prediction and task scheduling system. lts heuris-
antee quality of service (QoS) in these environments is a i¢ Scheduling algorithm assigns a task to the least loaded
challenge because global Service Level Agreements (SLA) machine in ordgr to minimize th_e co_mplenon time. _The
depend on local SLAs, i.e., SLAs established with compo- scheduler used in the ICENI's Grid Middleware considers

nents that make up the grid. These components are generScheduling of resources to components connected as a di-
ally autonomous and join the grid as part of a loose federa- rected acyclic graph [19]. Four scheduling algorithms were

tion. Only if all these partial SLAs are satisfied, the global €valuated (random, simulated annealing, game theory, and
SLA will be satisfied. best of n random). Only computation and network resources

An enterprise application running on a grid is composed were considered. Other relevant work in the area of resource

of a set of SLA-constrained sub-tasks demanding different allocat_ion, reservation, broke_ring, and scheduling can be
types of services and resources. The grid middleware mustfound in [8, 15, 16]. Computational economy has been used

be smart enough to schedule tasks among the available re!l FESOUrCE managers and schedulers for the grid [1, 2].

sources (processors, data storages, service providers, net- The rest of this paper is organized as follows. Section
work links) in order to satisfy the SLAs at the lowest possi- two presents a motivating example that highlights the need
ble cost. for QoS in enterprise grid applications. The following sec-

1. Introduction
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tion formulates our assumptions on the grid architecture andreturn results in a few minutes while the user is still on-
presents a task graph model for enterprise grid applications.line and use RAMs that are more complex than the
Section four presents the task graphs for our motivating ex- ones used by immediate requests. Finally, delayed re-
ample application. Section five presents a formal model for quests may take hours to process and use fairly sophisti-
the cost minimization SLA-constrained resource allocation cated RAMs. In the latter case, users are notified by an
problem. Then, a framework for building heuristics along e-mail containing a link to the portal in order to view the de-
with an example heuristic and a numerical example are pre-tails of their quote. Thus, customers can obtain potentially
sented. The paper concludes with final observations and disdower premiums if they are willing to wait longer for so-
cussion of future work. phisticated and complex RAMs to execute.

The IC does not want to invest in additional computing

resources to run the new models and decides to use a com-
. . . . pute grid to harness unused cycles of all its computers (from

To mot|yate the d|§cy ssion gnd illustrate .the concep.ts desktops to mainframes) connected to its worldwide net-
presented in the remaining sections, we con5|der_a large N vork. The grid that supports the IC application will sched-
surance company (IC) that offers many types of_msuranceule resources according to the type and compute require-
prpducts eg, autom_ob|le_, boat, hqme, ar_1d bus_ln_es_s)_. Thements of the different types of RAMs needed to evaluate
primary goal of the IC is to increase its profit by minimizing

. . i ) the three categories of requests.
risks and attracting/retaining more customers. In the insur-

ance business, the premiums paid by customers are a func-
tion of the risk posed by the insurance policy. Tradition-

2. Motivating Example

The new customized RAMs draw their inputs from a
large number of public and private data sources. These

3"3" |n_SLr1]rance companlles use a fcomblnatllo; of actuansl sources include health insurance companies, law enforce-
ata with some minimal amount of personal data to estab- ot agencies, financial organizations, departments of mo-

lish the risk associated with a policy and thus its premium. 4, yenicles, professional and scientific organizations, fed-
If the risk assessment yields an excessive risk, Premiumsin-g o state, and local government agencies, and weather-

crease and the insurance company may lose CUSIOMErS.  o|ated sources used to assess the risk of home and busi-
In an effort to increase its profits, the insurance com- assinsurance policies.

pany of our motivating scenario is moving towards a highly

customized risk assessment model (RAM). Under this ap-  \when a user logs in to the new application, the risk as-
proach, a much larger number of information sources aboutsessment application can have access to user’s private data
a customer are queried to obtain a much richer set of in- on pehalf of the user at the various databases owned and
puts to the RAM. Contrary to the previous model that places managed by a set of organizations selected by the user. This

a customer under a large category (e.g., all non-smokingway, the customer selectively trades-in access to some of
male straight A college students under the age of 25), the his/her private data for lower premiums.

new model provides a risk rating specific to a given cus-
tomer (e.g., John Doe who besides being a non-smoking  We use Fig. 1 to illustrate a scenario in which an insur-
male straight A college student under the age of 25, is 23 ance quote is requested by a customer of the IC through its

years old and is a senior at the Computer Science Departiweb portal. The notation used in the figure is patterned af-
ment at George Mason University, is a member of the IEEE, ter the data mining example presented in [5].

a member of a programming team that won a regional prize
in an ACM-sponsored programming contest, has a very  The Web portal application contacts the factories at the
good credit record, undergoes a physical exam every yearRAM and DB service providers to request the creation of
and is in perfect health, and has a clean record with federal,an instance of a RAM and of a database to be used to eval-
state, and local law enforcement agencies). Clearly, theseuate the risk of the policy (1). These instances have a spec-
customized models are much more sophisticated and sig-ified lifetime, which can be extended by the application if
nificantly more compute- and data- intensive. These modelsneeded. A RAM object is then instantiated along with the
are decomposed into many parallel tasks that run at the var-appropriate database (2). As the RAM is evaluated, it will
ious resources provided by the compute grid. generate queries (3) to various database services belonging
The IC plans to establish a Web portal through to financial organizations, law enforcement agencies, health
which prospective customers can obtain insurance pol-insurance organizations, and others not shown in the figure.
icy quotes. Users will be able to request three different The results (4) populate the database at the database ser-
types of quotes: immediate, non-immediate, and de- vice provider. The RAM instance queries this database (5)
layed. Immediate requests use simpler RAMs and can re-and uses the results (6) to provide an insurance quote (7) to
turn results in a few seconds. Non-immediate requeststhe Web portal application.
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These contracts specify acceptable levels for various QoS
metrics and usually associate a cost with (and sometimes
penalties for non-compliance) a desired level of service.
Thus, application-level (i.e., global) SLAs have to be

mapped into resource-level (i.e., local) SLAs in a way that
minimizes total application cost. This problem is called the
SLA mapping problem [12]. To illustrate, consider the ex-
ample of an application that requires a global execution time
SLA equal to 60 seconds. Suppose that three different types
of service providers (SP) must be used by the application.
Each offers two types of services, slow and fast, at differ-
ent costs as illustrated in Table 1. Then, assuming that each
type of service is used only once and that the services are
used in sequence, the optimal solution (i.e., the one with the
lowest cost that satisfies the SLA) is the one that uses the
slow service of provider 1 and the fast service of providers
2 and 3. This yields an execution time of 45 seconds at a
cost of 135 cents. Of the eight possible combinations of ser-
vice providers and SLAs, four are not feasible because they

\
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Figure 1. Quote request scenario.

4. Results

3. Grid Applications and Resources

There are several important optimization problems re-
lated to the allocation of resources in a grid environment.
First, we state the assumptions associated with resources
and with the applications that use these resources.

Resources are assumed to be shared by more than one
grid application. Four classes of resources are considered:
compute resources, service provider (SP) resources, net-
work resources, and data storage resources. Compute re-
sources provide cycles to computations (e.g., RAM eval-
uation). Service providers are nodes that provide services

violate the global SLA of 60 seconds.

The assumptions about a grid application are as follows.

An application is formally specified by a task graph (see
Figs. 2-4) composed of three types of nodes:

e Computation task nodes. Specify nodes where compu-
tation is performed (an example is the execution of part
of a RAM evaluation); these nodes are represented by
circles in the task graph.

e Service providing nodes. These nodes are represented
by rectangles and indicate the invocation of a service
by a computation task.

e Logical data storage nodes. These nodes are repre-
sented by disk icons and denote data stores used by
tasks. These logical data storage elements have to be
mapped into physical data storage devices, which may
be accessed over a network. We will use the term data
storage to indicate logical data storage and will explic-
itly use physical data storage to differentiate between
the two.

upon request (e.g., access to financial, law enforcementFor better readability of a task graph, service providing
and health insurance databases). Network resources provid@odes and data storage nodes may appear more than once
the bandwidth necessary for nodes of a grid to communi- in the graph to avoid line crossings.

cate and transfer data. Finally, data storage resources pro=
vide storage for data generated during the computation of a

grid application. For instance, a delayed insurance premium

guote request may generate a significant amount of tempo-

rary data to be used during the evaluation of a RAM.

There may be several instances of a resource of a given
class (e.g., several SPs that provide access to law enforce-
ment databases). Service provider nodes may offer the same
functionality (e.g., access to the law enforcement database)
with different Service Level Agreements (SLA) and at dif-

SP | Type of | Response Timeg Cost/Request
Type | Service SLA (sec) (cents)
1 fast 5 50
1 slow 10 40
2 fast 20 65
2 slow 35 95
3 fast 15 30
3 slow 25 65

Table 1. Example of SLA mapping

ferent costs. SLAs are contracts between SPs and its users.



An application task graph has the following types of
arcs:

e Precedence arc. An arc from computation task; to
taskt; indicates that; can only start aftet; finishes
and aftert; has transmitted all the data it needs to send
to t;. A label on this type of arc indicates the num-
ber of bytes transmitted from to ¢;.

e Servicerequest arc. This arc goes from a computation
task nodel; to a service providing node; and indi-
cates that task; invokes services; during its execu-
tion. A label on this arc indicates the number of times
s; is invoked per execution df;. A given taskt; may
use any number of services in any combination of se-
guential and parallel invocations. To indicate that ser-
vices are invoked sequentially, arcs are introduced be-
tween service provider nodes:tif usess; ands, se-
guentially, an arc frons; to s, means thas, will be
used aftes;.

e Data storage arc. These arcs can go from task to data
storage nodes and vice-versa. An arc connecting a
computation node; to a data storage nodg indicates
that taskt; generates data storadg. An arc fromdy,
tot; indicates that; uses data from storage elemépt
and therefore cannot start until the data storage is gen-
erated. A label in a data storage arc indicates the num-
ber of bytes read/written from/to the data storage.

An application described by this type of task graph is
a logical description and may be mapped in many differ-
ent ways to physical resources such as computing resources,
physical data storage resources, networking resources, and
specific service providers.

taskt, and are used by the model initialization task
which obtains some local information from data stor-
aged; and queries the service provider databases

S> and Ss (financial, law enforcement, and health in-
surance databases) through the interface tagks,,
andts, using grid technologies. The query results are
collected by taskg, which updates internal database
ds, which is used by the final output task that pro-
vides the results to the customer. This scenario is the
simplest of the three: there is no parallel execution of
the RAM evaluation task, only parallel access to the
external databases. On the other hand, this scenario has
the highest cost since it uses high-performance service
providers and high capacity computation resources.

Non-immediate services use more complex RAMs than

immediate services and have a less stringent SLA; the
customer agrees to wait betwe&h and 60 seconds

for a premium quote. The RAM evaluation applica-
tion may be parallelized in subtasks based on func-
tional criteria. As shown in Fig. 3, after data collection
by taskt,, three specialized RAM evaluation tasks—
to, t3 andty,—are started in parallel. These tasks ob-
tain information cached at the IC’s internal network
data storagéd,. Additionally, each of these tasks read
data from specialized external data storagjgsl2, and

ds and access specialized service providgrthrough

s3 through the interface tasks throught,, respec-
tively. Tasktg collects the results of the previous sub-
tasks and creates data storaQje which is then used

by tasktg to generate the output to the user. This more
complicated scenario can be executed with less expen-
sive resources than the previous one. Compute cycles
in desktop workstations can be used but communica-

4. Examplesof Task Graph Representations

This section presents the logical structure of the three
different types of RAM applications using the task graph
notation.

Immediate services must provide a fast response tifne (
8 seconds) to the customers to avoid that they abandon
the IC web site before receiving an insurance premium
guote. To meet this SLA, the instance of the RAM pro-
cess is executed on a single high-capacity node to re-
duce communication and overhead costs for process
coordination and data collection. Customer-related in-
formation is obtained from high-speed database ser-
vice providers. The RAM used in this case is a sim-
ple model and the results are valid for large classes
of customers that have common characteristics. Thus,
customer-related information cached in the IC’s net-
work may be used. Figure 2 shows the task graph for

— .,

Figure 2. Task graph for immediate quote ser-
vice.

the immediate service. Customer data are collected by



tion overhead must be controlled and again high speed
DB services must be used.

Delayed services are computationally-intensive since they
use complex RAMs but no stringent execution time
limits are imposed; thirty minutes to three hours is ac-
ceptable to return the best possible premium quote.
Each RAM functionality (financial logic, law enforce-
ment logic, and health insurance logic) is parallelized

into sub tasks. For example, in the task graph of Fig. 4, :

taskst, andts deal in parallel with the same functional
aspect (e.g., financial logic) of the RAM application.
In fact, taskgs-t4 in Fig. 3 are broken down into tasks
to-t7 in Fig. 4. Each of these six tasks communicate
with its own service access interface task (i.e., tasks
tg-t13). Tasksty4-t1¢ collect the results of the parallel
subtasks of each functional aspect of the RAM eval-
uation and generate databagigsds containing these

1

results. Task reads these databases and generates a

consolidated databade that is read by task; s, which

Figure 4. Task grah for a delayed service.

produces results to the user. The task decomposition in
this scenario allows the IC to use rather inexpensive
computational, communication, and service providing
resources.

5. A Formal Model of Resource Allocation

Before formalizing the resource allocation problem,
some notation has to be defined. Consider the following no-
tation for application-related parameters.

e 7 set of tasks of the application,
e T': execution time, in sec, of an application,

Figure 3. Task graph for non-immediate quote
service.

e NC;: number of compute cycles, in millions of cycles,
required by task,

C;: execution time, in sec, of tagk

Vi,s: average number of times that taskvokes logi-
cal service provides,

e z; ;: total amount of data, in Mbits, transferred from

taski to taskjy,

Ti’jj: network time, in seconds, needed by tagksend
data to taskj over network resourck,

w;, . amount of data, in Mbytes, transferred (i.e., writ-
ten) from taski to logical data storage,

Tm,i- amount of data, in Mbytes, transferred (i.e., read)
by taski from logical data storage.

Wi m: time, in seconds, needed by tasto write into
logical data storage,

R, :: time, in seconds, needed by tasto read from
logical data storagen,

Nips: humber of logical data storage nodes used by
the application, and

Nisp: number of logical service providers used by the
application.

The following notation is related to resources and their
performance.

e C: set of computing resource<C |= C,

e S set of available physical service providdrs. |= S,
e N set of available network resourceésV |= N,

e D: set of physical data storage resour¢e3.|= D,



sk speed, in millions of cycles per second, of comput-
ing resourcé: (k=1,---,C),

Ry: response time, in seconds, of a service request at
service providek (k =1,---,9),

By;: bandwidth, in Mbps, of network resourée(k

1,---,N),
e L;: latency, in seconds, of network resourcgk =
1,---,N),and

X transfer rate, in Mbytes/sec, of physical data stor-
age resourcg (k =1,---, D).

The following notation is used to indicate cost parame-
ters.

e cj: cost, in $/sec, per second of usage of compute re-
sourcek (k=1,---,C),

cb: cost, in $/Mbps, per unit of bandwidth measured in
Mbps provided by network resourédk = 1,---, N),

cd: cost, in $/Mbyte, for each Mbyte of data transferred

to/from data storage resourkdk =1,---, D), and
e ¢j: cost, in dollars, for service provider
k(k = 1,---,95) to fulfill a service request. Physi-

cal service providers that provide the same functional-
ity with different response time SLAs are considered
different resources.

The variables defined in this section are assumed to rep-
resent either a constant known value, an estimate of the true

value, or an average value obtained from previous observa-
tions.

5.1. Elementsof the Execution Timeof a Grid Ap-
plication

The execution timeT’, of a grid application can be com-
puted as a function of the following components:

e Task execution time. The execution time of task;
when running on computation resources given by

K
+) Ve x R+
k=1

>

Sp (t;) €Il(t;)
Nips

m=1

NC;
Sk

C;

R.} +
R

)

where K ; is the number of services sequentially in-
voked by taski;, S, (¢;) is a set of services invoked
in parallel by task;, I1(¢;) is the set of sets of paral-
lel service invocations of tagk.

o Network time. The network timeTi’fj associated with
the transmission af; ; Mbits of data between tasks
and;j over network resourck is a function of the la-
tency and bandwidth of this network resource. As a
first approximation, we assume that

Ly + J?i,j/Bk- (2

Data transfer time. The write and read times for task
on data storage:, when it is mapped to physical data
storage resourceare given by

k
;=

(2

Wi m

Wi,m = ch (3)
Tm,i

5.2. Logical to Physical Mapping

The following mappings are required to compute the ex-
ecution timeT of a grid application: a) tasks to computing
resources, b) communication patterns to network resources,
c) service providers to physical service providers, and d)
data storage elements to physical storage elements. More
formally, a mapping\ = (T'C,CN,SPA, ST) where:

e T'C: atask to compute resource mapping matrix. This
isal 7 | xC matrix such thal'C[i, k] = 1 if taski is
allocated to compute resourkend zero otherwise.

C N: matrix of network resource allocations. This is a
| 7| x | 7 | matrix such thaC' N|s, j| = kif 2, ; # 0
and if network resourcg is used for the communica-
tion between tasksand;j. CN[i, j] = 0 otherwise.

S P A: set of service provider allocation matrices. Each
elementS P A; of this set corresponds to a task The
matrix SPA; is anNysp x S matrix. SPA;[s, k] = 1

if service providers is instantiated into physical ser-
vice providerk for taskt;, and zero otherwise.

ST: a data storage allocation matrix. This i&apg x
D matrix such thatST[m, k] = 1 if storage element
m is mapped into physical storage elemenand zero
otherwise.

Once the mapping is known, the execution timg can be
easily computed from the structure of the task graph using
the execution time components described previously. For
example, from Fig. 3 we can see that the execution time,
T, of the task graph of Fig. 3 is

T

= Cr+max{Ty, + Co+ Ty 5+ Cs5 + Tys,
T1*73 + CS + T:;ﬁ + 06 + T6*,87
T1*,4 + C4 + TI,? + C7 + T;g} +

Cs + Cy. (5)
The terms with an “*” as a superscript indicate that the

actual value of the term depends on the allocation of re-
sources, the network in this case.



6. The Optimization Problem yet assigned tasks and resources that are considered for as-
signment at that step. L&+, C*, S+, N+, andD™, repre-
The costC(A, M) of running applicatiom using map- sent the task, compute resource, service provider, network,

ping M is given by and data storage domains, respectively. hbgistic pro-
S cedure a:I:(_)caltlesdelementsd of each (cjjomaindto ph)l/qsic;ﬂ re-
, NC; . sources. Finally, domain update procedure updates the do-
C(AM) = Y > TCik]. o ¢ + (6) 'mains according to the results of the heuristic.
1;‘1 ’T;‘l It was shown in [13] that a very effective envelope is the
Z Zcb B4 Deterministic Execution Simulation (DES). This envelope
£ £ “CNlij) - PON[i.j] simulates the execution of the application according to the
1;‘1 ?V:L; B task graph. A task enters the task domaifi* when it be-
Z Z Vi SPAs,H . ¢ + comes “schedulable” according to the task .graph' (i.e., all
pr e ’ the predecessors_ofn_the task graph have finished in DES
Nips /1T and the communication from all its predecessors was re-

D
Z Z(w. + i) ZST[m K] . od ceived byt). Atask leaves the task domairn™ wheniit is al-
B "% located by the heuristic. The domain of physical resources
is updated as these resources become busy or available in

The first term in Eq. (6) represents the total computing cost. the deterministic execution simulation.
The second term indicates the cost of using networking re- ~ We illustrate the approach by describing first a heuris-
sources. The third term represents the cost of using the vardic for the allocation of tasks to computing resources with
ious service providers and the last term is the cost of usingthe goal of minimizing cost while keeping the total execu-
data storage nodes. tion time below an SLA value df',ax. This description ig-

So, the optimization problem to be solved is: given a nores the allocation of other resources. We discuss later the
grid application4, find the mappingM that minimizes  extension to these other resources.
the costC(A, M) while satisfying the execution time SLA Using DES, every time that a task finishes, new tasks
of T < Tmax. This problem is an extension of the task- may become enabled according to the task graph structure.
processor allocation problem, which is NP-hard. However, We call these instantallocation instants because new re-
heuristics can be devised to tackle the problem, as describedsource allocations may have to be performed at these points.
in the next section. The following two rules explain the heuristic used at an al-

location instant.

m=1 =1

7. Heuristics 1. If | 7% | = 1, then assign the task i to the least
expensive computing resourcedr .

2. If | 77 |> 1 then the tasks iry * are allocated to
the| 71 | least expensive computing resource€ in
The allocation of tasks to this subset®f is done in
such a way that tasks with the largest computational
demand (i.e., largest number of cycles) are allocated to
the fastest computing resources.

The optimization problem described in previous sections
is a multi-resource assignment problem. Simpler versions
of this problem appear in the context of task to proces-
sor assignment in multiprocessors [13, 14]. In the case of
a grid, the resources that must be scheduled are not only
processors (as in the case of multiprocessors) but also ser-
vice providers, network resources, and storage resources.
It is outside the scope of this paper to present a complete After the execution of rules 1 or 2, the total cost is up-
analysis of possible heuristics and their efficacy. However, dated as a result of the allocation and the completion time of
we present a framework that can be used to design severakach task allocated is updated according to the speed of the
heuristics and illustrate the framework through an example. computing resources they have been assigned to. If the allo-

The heuristic scheduling framework is based on the work cation done in rules 1 or 2 above results in a violation of the
of Menase, Porto, and Tripathi [13]. The authors of that total execution tim@,.x, then the least expensive comput-
work consider that a scheduling algorithm is composed ing resource is removed frod"™ and the algorithm back-
of an envelope and a heuristic. Therefore, we envision atracks to the previous allocation instant. The allocation is
scheduling algorithm as consisting of a loop that is executedthen attempted again with the reduegd. If C* becomes
until all logical entities (tasks, communication pairs, logical empty the heuristic backtracks to the previous allocation in-
SPs, logical data storage elements) are allocated to physistant.
cal resources (computing resources, networks, physical SPs, We illustrate the approach with the help of the
and physical data storage resources). Inside the lodp; a  non-immediate quote application and assume that the num-
main selection procedure determines the subset of the not ber of cycles, in million of cycles, for tasks 1 through



9 is given by (NCy,---,NCy) (1000, 3000, 5000,
4000, 1500, 1500, 1500, 4000, 1000). The speed and
cost of the six available processors (81, -,s6) =
(1000, 1000, 2000, 2000, 3000,4000) millions  of cy-
cles and(c§,---,c§) = (.20,.20,.35,.35,.50,.70) dollars

per second of usage. The steps of the heuristic are de-

scribed below for a value of,.x, = 10 sec and are
illustrated by Fig. 5. In what follows]" represents an al-

location instant. The value of cost is updated based on

the allocation performed in the previous allocation in-
stant.

e T'=0,cost=0,7" = {t1},CT = {p1,--+,ps}: allo-
catet; top.

e T'=1,cost=1 x 0.2 = 0.2, Tt = {tz,tg,t4}, ct =
{p1,- -, ps}: allocatets to ps, t5 to ps, andt, to p;.

e T'=23.5,c05t=02+25%x0.35+4x0.2+3x%x0.2=
2.475, T = {tg},C* = {ps,---,pe}: allocatets to
p3-

o T = 4, cost=2.475+ 0.75 x 0.35 = 2.7375, T+ =
{ts}, C* = {p2,p4,p5, ps}: allocatets to ps.

e T =425 cost=2.73754+ 1.5 x 0.2 = 3.0375, 7+ =
{},C* = {ps,pa, p5,ps }: NO task can be allocated.

o T 5, cost= 3.0375, T+ {t7}, C*
{p1,p3,pa, p5, e} allocatets to p;.

e T = 5.5, c0st=3.0375+ 1.5 x 0.2 = 3.3375, 7" =
{},C*t = {p2, p3, pa, p5, ps }: N0 task can be allocated.

o T 6.5, cost= 3.3375, T+ {ts},
C*t ={p1,---,pe}: allocatetg to p.

e T = 10.5 > 10 (Tmax)- Backtrack to previous allo-
cation instant (see arrow labeled (1) in Fig. 5) and re-
movep; fromC™.

oT 6.5, cost= 3.3375, T+
C* = {po,---,pe}: allocatetg to ps.

{ts},

e T = 10.5 > 10 (Tmax)- Backtrack to previous allo-
cation instant (see arrow labeled (2) in Fig. 5) and re-
movep, fromC ™.

o T 6.5, cost= 3.3375, T+
C*t = {ps,---,pe}: allocatetg to ps.

e T = 8.5, cost=3.3375+2 x 0.35 = 4.0375, 7+ =
{to},C* ={p1,---,ps}: allocatety to p;.

e T = 9.5, cost=4.0375+ 1 x 0.2 = 4.2375, T+ =
{},C* = {p1,---,ps}: all tasks have been allocated.
Stop.

{ts},

The final allocation assigns tasks, ¢4, t7, andtg to
computing resource,, taskst, andts; to computing re-
sourcep,, and taskgs, tg, andtg to computing resource

P1

P2 ‘

13 [ 16 ] [ 8 ]
P T ] 1

Figure 5. Example of a heuristic schedule.

The extension of this heuristic to the allocation of other
resources assumes that are two types of allocations instants:
start task allocation instants and task completion allocation
instant.

1. Network resource allocation. Networks are allocated
at task completion allocation instants. If a completing
task needs to communicate with any of its successors,
network resources are allocated at this time using the
following heuristic. If only one network is needed (i.e.,
the completing task has only one successor), then pick
the least expensive network from the network domain
NT.If n > 1 networks are needed, then select the
least expensive networks froxd = and allocate them
to the task communication pairs by assigning the pairs
with highest number of bits to transmit to the fastest
networks.

2. Service Provider allocation. SPs are allocated at task
start allocation times. If taskuses one or more SPs,
then they are allocated by selecting first from the least
expensive SPs froi .

3. Data Sorage allocation. Physical data storage re-
sources are allocated at task start time if the task reads
from or writes to a data store. As before, the alloca-
tion is made by picking the least expensing resource
from D first. Differently from the other cases, physi-
cal data storage resource allocation is global to the ap-
plication. Thus, once an allocation from a logical to a
physical data storage has been made, it has to be pre-
served by other tasks that may need the same logical
data storage.

The above discussion left out some details. In partic-
ular, one needs to determine what happens when a back-
track to an allocation instant occurs. If the backtrack is to a
task completion allocation instant, the least expensive net-
work resource is removed froAf + and the allocation is at-

p3. The total cost is $4.2375 and the total execution time is tempted again. If the backtrack is to a task start instant, then

9.5 seconds.

there are three types of resources that can be involved: com-



puting resources, SPs, and physical data storage resourcefs] |. Foster, C. Kesselman, J. Nick, and S. Tuecke, “Grid services
If the task in case does not use any SP or data storage, then for distributed system integrationfEEE Computer, 35(6),
only the compute domai@it has to be changed by remov- 2002. _ _
ing the least expensive compute resource. If the task used6] | Foster, C. Kesselman, J. Nick, and S. Tuecke, The physi-
SPs and/or data storage resources, then a determination has ©0l0gy of the grid: an open grid services architecture for dis-
to be made if the task is compute-bound, /O bound, or _{ributed systems integration, 2002.

service-bound. This determination is made based on howl?] |- Foster, C. Kesselman, and S. Tuecke, The anatomy of the
much time the task is spending, under the current allocation, ~Md: Enabling scalable virtual organizationscture Notes in

in computing, doing 1/0, and accessing service providers. Computer Science 2150, 2001. .

Then, the least expensive resource is removed from the do®! alﬁ szStg(’JyC;AKgis:tﬁm?:a g’eslfui’cg Mlzrr:gggﬁz.nt’\l:lﬁitti?-
main that has the largest contribution to the task execution .o ot Supports Advance Reservations and Co-Allocation,”

time and the allocation is attempted again. Proc. Intl. Workshop on Quality of Service, 1999.
[9] X.He, X.-H. Sun, and G. Laszewski, “A QoS guided schedul-
8. Concluding Remarks ing algorithm for grid computing,Proc. Int'l Werkshop on

Grid and Cooperative Computing (GCCO02), Haiman, China,

Enterprise grid applications use a variety of resources  2002.
including computing resources, networks, data stores, and[10] O.H.Ibarraand C.E. Kim, “Heuristic algorithms for schedul-
service providers. The problem of optimally allocating re-  ing independent tasks on nonidentical processatsACM,
sources to such applications in a way that minimizes cost 24(2). April 1977, pp. 280-289.
while guaranteeing executing time service level agreements[11] M. Maheswaran, S. Ali, H. Siegel, D. Hensgen, and R.F. Fre-
was formalized in this paper. This paper provided a frame- gnd{ tDVEam'(t: mhatfh'”g and SChed”“n? ofa C""t";;’n Of,'g?hepen'
work to'optim.ally allocate resources in griq environmgnts Hz]aozsenzozz gon?piiﬁ%emnzf;;o?ﬁ%wggf ylsggg.ect.
pompatlble with the more stable grid architecture defined [12] D. Menase, “Mapping Service Level Agreements in
in [6, 7]. Because the problem is NP-hard, a framework for

S > ) Distributed Applications,”|EEE Internet Computing, 8(5),
designing heuristics was presented. Our ongoing work con-  gept /0ct. 2004.

sists of designing many such heuristics, implementing, and[13] p. Menase; S. Porto, and S. Tripathi, “Static heuristic pro-

evaluating them. cessor assignment in heterogeneous multiprocesdotk,"J.
High Speed Computing, 6(1), 1994.
Acknowledgements [14] D. Menase, D. Saha, S. Porto, V. Almeida, and S. Tripathi,
“Static and dynamic processor scheduling disciplines in hetero-
The work of Daniel Menast was partially sup- geneous parallel architectures,” Parallel and Distr. Comp.,

ported by grant number NMA501-03-1-2033 from the Na- _ 28(1), 1995, pp. 1-18. _ )
tional Geospatial-Intelligence Agency. The work of Emil- [1°] A'GQBhrF?a”' P. D%W* kK _DJemamleé;é‘? II. goufr'g* Adap-
iano Casalicchio was patrtially funded by the PERF project tive Grid Resource BrokeringProc. ntl. Cont. Cluster

. Computing, 2003.
erjgr?]orted by the ltalian MIUR under the FIRB pro [16] J.M. Schopf and L. Yang, “Using Predicted Variance for

Conservative Scheduling on Shared Resources@Grin Re-
source Management, eds. J. Nabryski, J.M. Schopf, and J.
References Weglarz, Kluwer Academic, 2003.
[17] X.-H. Sun and M. Wu, “Grid harvest service: A system for
[1] R. Buyya, D. Abramson, J. Giddy, and H. Stockinger, “Eco- long-term,application-level task schedulingyoc. Intl’ Paral-
nomic Models for Resource Management and Scheduling in  |el and Distributed Processing Symposium (IPDPS03), 2003,

Grid Computing,”J. Concurrency and Computation: Practice IEEE Computer Society.
and Experience, Special issue on Grid computing environ- [18] M. Wu and X.-H. Sun, “A general self-adaptive task schedul-
ments, 2002. ing system for non-dedicated heterogeneous computitigg.

[2] R.Buyya, D. Abramson, and J. Giddy, “Nimrod/G: An Archi- IEEE Cluster Computing Conference, Hong Kong, 2003.

tecture of a Resource Management and Scheduling System if[19] L. Young, S. McCough, S. Newhouse, and J. Darlington,
a Global Computational Grid,” HPC Asia, Beijing, China, May “Scheduling Architecture and Algorithms within the ICENI
14-17, 2000, pp. 283—-289. Grid Middleware,” Proc. UK e-Science All Hands Meeting,
[3] H. Casanova, G. Obertelli, F. Berman, R. Wolski (2000). The Nothingham, UK, Sept. 2003, pp. 5-12.
apples parameter sweep template: user-level middleware for
the grid. Proc. 2000 ACM/IEEE conference on Supercomput-
ing (CDROM), page 60. IEEE Computer Society.
[4] 1. Foster and C. Kesselmaithe grid: Blueprint for a new
Computing infrastructure, 1999.





