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Abstract

Grid computing is the future computing paradigm for en-
terprise applications. An enterprise 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-
lem for SLA-constrained grid applications. The paper con-
siders a 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.

1. Introduction

Grid computing [4, 7] is the future computing paradigm
for enterprise applications [5, 6]. Large scale grids are com-
plex systems, composed of thousands of components be-
longing to disjoined domains. Planning the capacity to guar-
antee quality of service (QoS) in these environments is a
challenge because global Service Level Agreements (SLA)
depend on local SLAs, i.e., SLAs established with compo-
nents that make up the grid. These components are gener-
ally autonomous and join the grid as part of a loose federa-
tion. Only if all these partial SLAs are satisfied, the global
SLA will be satisfied.

An enterprise application running on a grid is composed
of a set of SLA-constrained sub-tasks demanding different
types of services and resources. The grid middleware must
be smart enough to schedule tasks among the available re-
sources (processors, data storages, service providers, net-
work links) in order to satisfy the SLAs at the lowest possi-
ble cost.

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
scheduling algorithms implemented—min-min, max-min,
and Sufferage [11, 10]—try to minimize the task comple-
tion time. The Grid Harvest Service [18, 17] is a perfor-
mance prediction and task scheduling system. Its heuris-
tic scheduling algorithm assigns a task to the least loaded
machine in order to minimize the completion time. The
scheduler used in the ICENI’s Grid Middleware considers
scheduling of resources to components connected as a di-
rected acyclic graph [19]. Four scheduling algorithms were
evaluated (random, simulated annealing, game theory, and
best of n random). Only computation and network resources
were considered. Other relevant work in the area of resource
allocation, reservation, brokering, and scheduling can be
found in [8, 15, 16]. Computational economy has been used
in resource managers and schedulers for the grid [1, 2].

The rest of this paper is organized as follows. Section
two presents a motivating example that highlights the need
for QoS in enterprise grid applications. The following sec-
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tion formulates our assumptions on the grid architecture and
presents a task graph model for enterprise grid applications.
Section four presents the task graphs for our motivating ex-
ample application. Section five presents a formal model for
the cost minimization SLA-constrained resource allocation
problem. Then, a framework for building heuristics along
with an example heuristic and a numerical example are pre-
sented. The paper concludes with final observations and dis-
cussion of future work.

2. Motivating Example

To motivate the discussion and illustrate the concepts
presented in the remaining sections, we consider a large in-
surance company (IC) that offers many types of insurance
products (e.g., automobile, boat, home, and business). The
primary goal of the IC is to increase its profit by minimizing
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-
ally, insurance companies use a combination of actuarial
data with some minimal amount of personal data to estab-
lish the risk associated with a policy and thus its premium.
If the risk assessment yields an excessive risk, premiums in-
crease and the insurance company may lose customers.

In an effort to increase its profits, the insurance com-
pany of our motivating scenario is moving towards a highly
customized risk assessment model (RAM). Under this ap-
proach, a much larger number of information sources about
a customer are queried to obtain a much richer set of in-
puts to the RAM. Contrary to the previous model that places
a customer under a large category (e.g., all non-smoking
male straight A college students under the age of 25), the
new model provides a risk rating specific to a given cus-
tomer (e.g., John Doe who besides being a non-smoking
male straight A college student under the age of 25, is 23
years old and is a senior at the Computer Science Depart-
ment at George Mason University, is a member of the IEEE,
a member of a programming team that won a regional prize
in an ACM-sponsored programming contest, has a very
good credit record, undergoes a physical exam every year
and is in perfect health, and has a clean record with federal,
state, and local law enforcement agencies). Clearly, these
customized models are much more sophisticated and sig-
nificantly more compute- and data- intensive. These models
are decomposed into many parallel tasks that run at the var-
ious resources provided by the compute grid.

The IC plans to establish a Web portal through
which prospective customers can obtain insurance pol-
icy quotes. Users will be able to request three different
types of quotes: immediate, non-immediate, and de-
layed. Immediate requests use simpler RAMs and can re-
turn results in a few seconds. Non-immediate requests

return results in a few minutes while the user is still on-
line and use RAMs that are more complex than the
ones used by immediate requests. Finally, delayed re-
quests may take hours to process and use fairly sophisti-
cated RAMs. In the latter case, users are notified by an
e-mail containing a link to the portal in order to view the de-
tails of their quote. Thus, customers can obtain potentially
lower premiums if they are willing to wait longer for so-
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
desktops to mainframes) connected to its worldwide net-
work. The grid that supports the IC application will sched-
ule resources according to the type and compute require-
ments of the different types of RAMs needed to evaluate
the three categories of requests.

The new customized RAMs draw their inputs from a
large number of public and private data sources. These
sources include health insurance companies, law enforce-
ment agencies, financial organizations, departments of mo-
tor vehicles, professional and scientific organizations, fed-
eral, state, and local government agencies, and weather-
related sources used to assess the risk of home and busi-
ness insurance policies.

When a user logs in to the new application, the risk as-
sessment application can have access to user’s private data
on behalf of the user at the various databases owned and
managed by a set of organizations selected by the user. This
way, the customer selectively trades-in access to some of
his/her private data for lower premiums.

We use Fig. 1 to illustrate a scenario in which an insur-
ance quote is requested by a customer of the IC through its
Web portal. The notation used in the figure is patterned af-
ter the data mining example presented in [5].

The Web portal application contacts the factories at the
RAM and DB service providers to request the creation of
an instance of a RAM and of a database to be used to eval-
uate the risk of the policy (1). These instances have a spec-
ified lifetime, which can be extended by the application if
needed. A RAM object is then instantiated along with the
appropriate database (2). As the RAM is evaluated, it will
generate queries (3) to various database services belonging
to financial organizations, law enforcement agencies, health
insurance organizations, and others not shown in the figure.
The results (4) populate the database at the database ser-
vice provider. The RAM instance queries this database (5)
and uses the results (6) to provide an insurance quote (7) to
the Web portal application.
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Figure 1. Quote request scenario.

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
upon request (e.g., access to financial, law enforcement,
and health insurance databases). Network resources provide
the bandwidth necessary for nodes of a grid to communi-
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
quote 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-
ferent costs. SLAs are contracts between SPs and its users.

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
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:

• 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.

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

• 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.

For better readability of a task graph, service providing
nodes and data storage nodes may appear more than once
in the graph to avoid line crossings.

SP Type of Response Time 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



An application task graph has the following types of
arcs:

• Precedence arc. An arc from computation taskt i to
tasktj indicates thattj can only start afterti finishes
and afterti has transmitted all the data it needs to send
to tj . A label on this type of arc indicates the num-
ber of bytes transmitted fromti to tj .

• Service request arc. This arc goes from a computation
task nodeti to a service providing nodesj and indi-
cates that taskti invokes servicesj during its execu-
tion. A label on this arc indicates the number of times
sj is invoked per execution oftj . A given tasktj may
use any number of services in any combination of se-
quential and parallel invocations. To indicate that ser-
vices are invoked sequentially, arcs are introduced be-
tween service provider nodes: ifti usessj andsk se-
quentially, an arc fromsj to sk means thatsk will be
used aftersj .

• Data storage arc. These arcs can go from task to data
storage nodes and vice-versa. An arc connecting a
computation nodeti to a data storage nodedk indicates
that taskti generates data storagedk. An arc fromdk

to ti indicates thatti uses data from storage elementdk

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.

4. Examples of 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 time (1−
8 seconds) to the customers to avoid that they abandon
the IC web site before receiving an insurance premium
quote. 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
the immediate service. Customer data are collected by

taskt1 and are used by the model initialization taskt2,
which obtains some local information from data stor-
aged1 and queries the service provider databasesS1,
S2 andS3 (financial, law enforcement, and health in-
surance databases) through the interface taskst3, t4,
andt5, using grid technologies. The query results are
collected by taskt6, which updates internal database
d2, which is used by the final output taskt7 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 between10 and60 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 taskt1, three specialized RAM evaluation tasks—
t2, t3 andt4—are started in parallel. These tasks ob-
tain information cached at the IC’s internal network
data storaged0. Additionally, each of these tasks read
data from specialized external data storagesd1, d2, and
d3 and access specialized service providerss1 through
s3 through the interface taskst5 throught7, respec-
tively. Taskt8 collects the results of the previous sub-
tasks and creates data storaged4, which is then used
by taskt9 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-
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Figure 2. Task graph for immediate quote ser-
vice.



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,
taskst2 andt3 deal in parallel with the same functional
aspect (e.g., financial logic) of the RAM application.
In fact, taskst2-t4 in Fig. 3 are broken down into tasks
t2-t7 in Fig. 4. Each of these six tasks communicate
with its own service access interface task (i.e., tasks
t8-t13). Taskst14-t16 collect the results of the parallel
subtasks of each functional aspect of the RAM eval-
uation and generate databasesd4-d6 containing these
results. Taskt17 reads these databases and generates a
consolidated databased7 that is read by taskt18, which
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.

• T : set of tasks of the application,

• T : execution time, in sec, of an application,
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• NCi: number of compute cycles, in millions of cycles,
required by taski,

• Ci: execution time, in sec, of taski,

• Vi,s: average number of times that taski invokes logi-
cal service providers,

• xi,j : total amount of data, in Mbits, transferred from
taski to taskj,

• T k
i,j: network time, in seconds, needed by taski to send

data to taskj over network resourcek,

• wi,m: amount of data, in Mbytes, transferred (i.e., writ-
ten) from taski to logical data storagem,

• rm,i: amount of data, in Mbytes, transferred (i.e., read)
by taski from logical data storagem.

• Wi,m: time, in seconds, needed by taski to write into
logical data storagem,

• Rm,i: time, in seconds, needed by taski to read from
logical data storagem,

• NLDS: number of logical data storage nodes used by
the application, and

• NLSP: number of logical service providers used by the
application.

The following notation is related to resources and their
performance.

• C: set of computing resources.| C |= C,

• S set of available physical service providers.| S |= S,

• N : set of available network resources.| N |= N ,

• D: set of physical data storage resources.| D |= D,



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

• Rk: response time, in seconds, of a service request at
service providerk (k = 1, · · · , S),

• Bk: bandwidth, in Mbps, of network resourcek (k =
1, · · · , N),

• Lk: latency, in seconds, of network resourcek (k =
1, · · · , N), and

• Xk: transfer rate, in Mbytes/sec, of physical data stor-
age resourcek (k = 1, · · · , D).

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

• cc
k: cost, in $/sec, per second of usage of compute re-

sourcek (k = 1, · · · , C),

• cb
k: cost, in $/Mbps, per unit of bandwidth measured in

Mbps provided by network resourcek (k = 1, · · · , N),

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

to/from data storage resourcek (k = 1, · · · , D), and

• cs
k: cost, in dollars, for service provider

k (k = 1, · · · , S) 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. Elements of the Execution Time of a Grid Ap-
plication

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

• Task execution time. The execution time of taskti

when running on computation resourcek is given by

Ci =
NCi

sk
+

Ks∑
k=1

Vi,k × Rk +

∑
Sp (ti) ∈Π(ti)

max
s∈Sp (ti)

{Rs} +

NLDS∑
m=1

(Wi,m + Rm,i) (1)

whereKs is the number of services sequentially in-
voked by taskti, Sp (ti) is a set of services invoked
in parallel by taskti, Π(ti) is the set of sets of paral-
lel service invocations of taskti.

• Network time. The network timeT k
i,j associated with

the transmission ofxi,j Mbits of data between tasksi
andj over network resourcek is a function of the la-
tency and bandwidth of this network resource. As a
first approximation, we assume that

T k
i,j = Lk + xi,j/Bk. (2)

• Data transfer time. The write and read times for taski
on data storagem, when it is mapped to physical data
storage resourcek are given by

Wi,m =
wi,m

Xk
(3)

Rm,i =
rm,i

Xk
(4)

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 mappingM = (TC, CN, SPA, ST ) where:

• TC: a task to compute resource mapping matrix. This
is a| T | ×C matrix such thatTC[i, k] = 1 if task i is
allocated to compute resourcek and zero otherwise.

• CN : matrix of network resource allocations. This is a
| T | × | T | matrix such thatCN [i, j] = k if xi,j �= 0
and if network resourcek is used for the communica-
tion between tasksi andj. CN [i, j] = 0 otherwise.

• SPA: set of service provider allocation matrices. Each
elementSPAi of this set corresponds to a taskti. The
matrixSPAi is anNLSP × S matrix.SPAi[s, k] = 1
if service providers is instantiated into physical ser-
vice providerk for taskti, and zero otherwise.

• ST: a data storage allocation matrix. This is aNLDS ×
D matrix such thatST [m, k] = 1 if storage element
m is mapped into physical storage elementk, and zero
otherwise.

Once the mappingM is known, the execution timeT 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 = C1 + max{T ∗
1,2 + C2 + T ∗

2,5 + C5 + T ∗
5,8,

T ∗
1,3 + C3 + T ∗

3,6 + C6 + T ∗
6,8,

T ∗
1,4 + C4 + T ∗

4,7 + C7 + T ∗
7,8} +

C8 + C9. (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

The costC(A,M) of running applicationA using map-
pingM is given by

C(A,M) =
|T |∑
i=1

C∑
k=1

TC[i, k] .
NCi

sk
. cc

k + (6)

|T |∑
i=1

|T |∑
j=1

cb
CN [i,j] . BCN [i,j] +

|T |∑
i=1

NLSP∑
s=1

Vi,s

S∑
k=1

SPAi[s, k] . cs
k +

NLDS∑
m=1




|T |∑
i=1

(wi,m + rm,i)




D∑
k=1

ST [m, k] . cd
k

The first term in Eq. (6) represents the total computing cost.
The second term indicates the cost of using networking re-
sources. The third term represents the cost of using the var-
ious service providers and the last term is the cost of using
data storage nodes.

So, the optimization problem to be solved is: given a
grid applicationA, find the mappingM that minimizes
the costC(A,M) while satisfying the execution time SLA
of T ≤ Tmax. This problem is an extension of the task-
processor allocation problem, which is NP-hard. However,
heuristics can be devised to tackle the problem, as described
in the next section.

7. Heuristics

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
analysis of possible heuristics and their efficacy. However,
we present a framework that can be used to design several
heuristics and illustrate the framework through an example.

The heuristic scheduling framework is based on the work
of Menascé, Porto, and Tripathi [13]. The authors of that
work consider that a scheduling algorithm is composed
of an envelope and a heuristic. Therefore, we envision a
scheduling algorithm as consisting of a loop that is executed
until all logical entities (tasks, communication pairs, logical
SPs, logical data storage elements) are allocated to physi-
cal resources (computing resources, networks, physical SPs,
and physical data storage resources). Inside the loop, ado-
main selection procedure determines the subset of the not

yet assigned tasks and resources that are considered for as-
signment at that step. LetT +, C+, S+,N+, andD+, repre-
sent the task, compute resource, service provider, network,
and data storage domains, respectively. Theheuristic pro-
cedure allocates elements of each domain to physical re-
sources. Finally, adomain update procedure updates the do-
mains according to the results of the heuristic.

It was shown in [13] that a very effective envelope is the
Deterministic Execution Simulation (DES). This envelope
simulates the execution of the application according to the
task graph. A taskt enters the task domainT + when it be-
comes “schedulable” according to the task graph (i.e., all
the predecessors oft in the task graph have finished in DES
and the communication from all its predecessors was re-
ceived byt). A task leaves the task domainT + when it is al-
located by the heuristic. The domain of physical resources
is updated as these resources become busy or available in
the deterministic execution simulation.

We illustrate the approach by describing first a heuris-
tic for the allocation of tasks to computing resources with
the goal of minimizing cost while keeping the total execu-
tion time below an SLA value ofTmax. This description ig-
nores the allocation of other resources. We discuss later the
extension to these other resources.

Using DES, every time that a task finishes, new tasks
may become enabled according to the task graph structure.
We call these instantsallocation instants because new re-
source allocations may have to be performed at these points.
The following two rules explain the heuristic used at an al-
location instant.

1. If | T + | = 1, then assign the task inT + to the least
expensive computing resource inC+.

2. If | T + |> 1 then the tasks inT + are allocated to
the| T + | least expensive computing resources inC+.
The allocation of tasks to this subset ofC+ 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.

After the execution of rules 1 or 2, the total cost is up-
dated as a result of the allocation and the completion time of
each task allocated is updated according to the speed of the
computing resources they have been assigned to. If the allo-
cation done in rules 1 or 2 above results in a violation of the
total execution timeTmax, then the least expensive comput-
ing resource is removed fromC+ and the algorithm back-
tracks to the previous allocation instant. The allocation is
then attempted again with the reducedC+. If C+ becomes
empty the heuristic backtracks to the previous allocation in-
stant.

We illustrate the approach with the help of the
non-immediate quote application and assume that the num-
ber of cycles, in million of cycles, for tasks 1 through



9 is given by (NC1, · · · , NC9) = (1000, 3000, 5000,
4000, 1500, 1500, 1500, 4000, 1000). The speed and
cost of the six available processors is(s1, · · · , s6) =
(1000, 1000, 2000, 2000, 3000, 4000) millions of cy-
cles and(cc

1, · · · , cc
6) = (.20, .20, .35, .35, .50, .70) dollars

per second of usage. The steps of the heuristic are de-
scribed below for a value ofTmax = 10 sec and are
illustrated by Fig. 5. In what follows,T represents an al-
location instant. The value of cost is updated based on
the allocation performed in the previous allocation in-
stant.

• T = 0, cost= 0,T + = {t1}, C+ = {p1, · · · , p6}: allo-
catet1 to p1.

• T = 1, cost=1 × 0.2 = 0.2, T + = {t2, t3, t4}, C+ =
{p1, · · · , p6}: allocatet2 to p2, t3 to p3, andt4 to p1.

• T = 3.5, cost=0.2+2.5× 0.35+4× 0.2+3× 0.2 =
2.475, T + = {t6}, C+ = {p3, · · · , p6}: allocatet6 to
p3.

• T = 4, cost=2.475 + 0.75 × 0.35 = 2.7375, T + =
{t5}, C+ = {p2, p4, p5, p6}: allocatet5 to p2.

• T = 4.25, cost=2.7375 + 1.5 × 0.2 = 3.0375, T + =
{}, C+ = {p3, p4, p5, p6}: no task can be allocated.

• T = 5, cost= 3.0375, T + = {t7}, C+ =
{p1, p3, p4, p5, p6}: allocatet7 to p1.

• T = 5.5, cost=3.0375 + 1.5 × 0.2 = 3.3375, T + =
{}, C+ = {p2, p3, p4, p5, p6}: no task can be allocated.

• T = 6.5, cost= 3.3375, T + = {t8},
C+ = {p1, · · · , p6}: allocatet8 to p1.

• T = 10.5 > 10 (Tmax). Backtrack to previous allo-
cation instant (see arrow labeled (1) in Fig. 5) and re-
movep1 from C+.

• T = 6.5, cost= 3.3375, T + = {t8},
C+ = {p2, · · · , p6}: allocatet8 to p2.

• T = 10.5 > 10 (Tmax). Backtrack to previous allo-
cation instant (see arrow labeled (2) in Fig. 5) and re-
movep2 from C+.

• T = 6.5, cost= 3.3375, T + = {t8},
C+ = {p3, · · · , p6}: allocatet8 to p3.

• T = 8.5, cost =3.3375 + 2 × 0.35 = 4.0375, T + =
{t9}, C+ = {p1, · · · , p6}: allocatet9 to p1.

• T = 9.5, cost =4.0375 + 1 × 0.2 = 4.2375, T + =
{}, C+ = {p1, · · · , p6}: all tasks have been allocated.
Stop.

The final allocation assigns taskst1, t4, t7, and t9 to
computing resourcep1, taskst2 and t5 to computing re-
sourcep2, and taskst3, t6, andt8 to computing resource
p3. The total cost is $4.2375 and the total execution time is
9.5 seconds.

0 1 2 3 4 5 6 7 8 9 10 11

P1

P2

P3

t1 t4

t2

t3 t6

t5

t7

t8

t9

t8

t8

(1)

(2)

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
N+. If n > 1 networks are needed, then select then
least expensive networks fromN + 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 taskt uses one or more SPs,
then they are allocated by selecting first from the least
expensive SPs fromS+.

3. Data Storage 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
fromD+ 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 fromN + and the allocation is at-
tempted again. If the backtrack is to a task start instant, then
there are three types of resources that can be involved: com-



puting resources, SPs, and physical data storage resources.
If the task in case does not use any SP or data storage, then
only the compute domainC+ has to be changed by remov-
ing the least expensive compute resource. If the task uses
SPs and/or data storage resources, then a determination has
to be made if the task is compute-bound, I/O bound, or
service-bound. This determination is made based on how
much time the task is spending, under the current allocation,
in computing, doing I/O, and accessing service providers.
Then, the least expensive resource is removed from the do-
main that has the largest contribution to the task execution
time and the allocation is attempted again.

8. Concluding Remarks

Enterprise grid applications use a variety of resources
including computing resources, networks, data stores, and
service providers. The problem of optimally allocating re-
sources to such applications in a way that minimizes cost
while guaranteeing executing time service level agreements
was formalized in this paper. This paper provided a frame-
work to optimally allocate resources in grid environments
compatible with the more stable grid architecture defined
in [6, 7]. Because the problem is NP-hard, a framework for
designing heuristics was presented. Our ongoing work con-
sists of designing many such heuristics, implementing, and
evaluating them.
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