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Abstract-Resource scheduling based on SLA (Service Level 
Agreement) in cloud computing is NP-hard problem. There is 
no efficient method to solve it. This paper proposes an optimal 
model for the problem and gives a solution by applying 
stochastic integer programming technique. Applying Gröbner 
bases theory for solving the stochastic integer programming 
problem and the experimental results of the implementation 
are also presented.  
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I.  INTRODUCTION 

Cloud computing is a resource delivery and usage model 
to get resource (hardware, software, applications) via 
network ”on-demand” and ”at scale” as services in a multi-
tenant environment. The network of providing resource is 
called Cloud. All resources in the cloud are scalable 
infinitely and used whenever as utility. In practice of cloud 
computing, providing an optimal/appropriate resource to 
user becomes more and more important. 

In cloud computing, each application is often designed a 
business process which includes a set of abstract services. 
Each abstract service encapsulates the function of an 
application component using its interface, and a concrete 
service(s) or resource(s) is selected (bound) at runtime to 
fulfill the function. A Service Level Agreement (SLA) in 
cloud computing is defined upon a business process as its 
end-to-end Quality of Service (QoS) constraints since a 
business process defines how abstract services interact to 
accomplish a certain business goal. Since different concrete 
services may operate at different QoS measures, an 
appropriate/optimal set of concrete services/resources may 
be selected so that it guarantees the fulfillment of SLA and 
cost is minimal. Such problem, the QoS-aware service 
composition problem, is a combinatorial optimization 
problem which ensures the optimal mapping between each 
abstract service and available resources [1], [2]. Since the 
problem is known as NP-hard[3], it takes a significant 
amount of time and costs to find optimal solutions (optimal 
combinations of resources) from a huge number of possible 
solutions.  

This paper proposes an optimization model based on 
stochastic integer programming which address the SLA-
aware resource composition problem. We define a resource 
composition model based on stochastic integer 
programming and provide an algorithm to solve stochastic 

integer programming problem. This paper is organized as 
follows. Section 2 shows the problem of resource 
composition and section 3 proposes a model of a resource 
composition based on stochastic integer programming 
technique. Section 4 describes the algorithm for solving 
stochastic integer programming based on Gröbner Bases 
theory [4], [5]. Section 5 presents simulation results to 
evaluate the algorithm. Sections 6 and 7 conclude with some 
discussion on related work. 

II.  SLA-BASED RESOURCE COMPOSITION PROBLEM 

We define the SLA-based resource composition problem 
with the following assumptions: 

(1) A SLA between user and cloud provider: a service 
agreement on 
throughput, latency and cost. 

(2) A business process instance: it realizes users request. 
(3) A series of abstract services: it executes the business 

process. 
(4) Concrete service/Resource: it implements an abstract 

service. 
(5) QoS for each concrete service/resource: it has three 

attributes:   
      throughput, latency and cost, while throughput and 

latency can  
      vary at runtime.  

The problem is how to select concrete service/resource to 
realize abstract service in business process instance that 
satisfies SLA, while the overall cost is minimal. The 
resource composition problem is also shown as Figure 1. 

III.  MODEL FOR SLA-BASED RESOURCE SCHEDULE 

Applying stochastic integer programming technique, we 
give a model for SLA-based resource schedule. With this 
model, we can find the optimal resource schedule to realize 
a business process and satisfies SLA. 

Min 
 

 

1 1i j
ijij

i

xc  subject to                                    (1) 

SLA
i j

ijij Cxc
i


 

 

1 1

                   (2) 

},,1{,1
1




i

j
ij ix



 ,                      (3)  

Pro 

The 2nd International Conference on Computer Application and System Modeling (2012)

Published by Atlantis Press, Paris, France. 
© the authors

 
 

0575



 

 





  






















 1 1

}0},,,1{},,,1{;min{

i j
SLAij

l
ij

SLAijiij
t
ij

i

Lx

Txjix 
 (4) 

                }1,0{ijx     (5) 

Where 
 : a set of Abstract services 

 : number of elements in set   

i : a set of resource available to implement i-th abstract 

service 

|| i : number of elements in set i  

 
:ijc : cost of j-th resource for implementing i-th abstract 

service 

:SLAC : cost of SLA 

:SLAT : throughput of SLA 

:SLAL latency of SLA 

t
ij : random variable for resource’s throughput 

 
l
ij :random variable for resource’s latency 

: probability of fulfillment of agiven SLA 

       Formula (1) means that the overall cost is minimal 

under the solution of variables ijx  . Formula (2) means that 

overall cost is less than or equal to SLA’s cost. Formula (3) 
means that only one resource is selected to implement an 
abstract service and formula (4) means that probability of 
fulfillment of SLA’s two attributes is great than or equal to 
 . 

       The solution of above model is discussed in next 
section. 

IV. GRÖBNER BASES FOR STOCHASTIC INTEGER 

PROGRAMMING 

       In this section we first introduce Gröbner Bases for 
integer programming (IP) and then extend it to solve 
stochastic integer programming (SIP).  
     Consider the following model of IP problems: 

},:min{)(,
n

CA NxbAxCxbIP   

         where C is an n-vector of real numbers, A is an mxn 
matrix of integers and b is an m-vector of integers. This 
model means that we solve variables x under the constraints 
Ax = b so that the value of Cx is minimal. We use IPA,C to 
denote a generic IP problem. 
       The method for solving IP via Gröbner Bases was 
firstly introduced by Conti et al. in commutative algebra [6] 
and by Thomas in geometry [11] independently. The key 

idea is to encode an IP problem into a special ideal 
associated with the constraint matrix A and the cost 
(objective) function Cx. An important property of such an 
encoding is that its Gröbner bases correspond directly to the 
test sets of the IP problem. Thus, by employing an algebraic 
package such as MACAULAY or MAPLE, the test sets of 
the IP problem can be directly computed. Using a proper 
test set (such as the minimal test set which corresponds 
directly to the reduced Gröbner basis of the encoded ideal), 
the optimal value of the cost function can be computed by 
constructing a monotonic path from the initial non-optimal 
solution of the problem to the optimal solution.  

In practical IP problem, the size of Gröbner basis 
increases quickly and the computation for it becomes 
expensive as the number of variables in IP becomes large. 
To overcome the disadvantage, Qiang et.al proposed a new 
algorithm for 
solving IP called Minimised Geometric Buchberger 
Algorithm (MGBA)[9], which improves the computation of 
Gröbner Basis for IP problem by truncating the basis with 
the fixed right hand b. The experimental results of the 
implementing BGBA state that MGBA shows significant 
performance improvement comparing to Conti[6] and 
Thomas[11]’s algorithms. 
      Now we consider the class of SIP as the following form. 

    Min h(x) subject to 

       Prob   }{ XT  

       Ax=b 

       ,nNx is a vector of random variables 

The above model means that we solve variables x under 

the probabilistic constraint Prob   }{ XT  and the 

constraints Ax = b so that the value of h(x) is minimal.  
Based on S.R.Tayur et al.’s idea[10], we apply MGBA 

to solve SIP problem with the following process.  
(1) Divide the model into two parts 

One is composed of the probabilistic constraints and 
some complicated constraints, called membership oracle; 
and the other is a simple IP after removing the membership 
oracle from the SIP problem, called Reduced IP (RIP). 
(2) Compute the test set of RIP 

We compute RIP’s test set simply by using MGBA. 
(3) Compute the test set of SIP 

The test set of RIP provides a set of directions that can 
be used to trace paths from every nonoptimal solution to the 
optimal solution of the RIP. So, for any feasible solution of 
the RIP, we get an optimal solution by searching the set of 
directions. Simultaneously, we can also walk back from the 
optimal solution to every other feasible solution of the RIP 
by simply reversing these paths. By reversing all directions 
of RIP’s test set, we get the test set of SIP, which was 
proved by S.R.Tayur et al.[10]. 
(4) Compute the optimal solution of SIP 

We compute the optimal solution of the SIP by walking 
back from the optimal solution of RIP to other feasible 

1:selsect jth resource for ith adstract 

0:otherwise 

ijx
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solutions and querying the membership oracle to check 
whether the reached point is feasible or not. If the reached 
point is feasible for the membership oracle, it is the optimal 
solution of SIP. Same as the test set of IP, we can prove that 
the search (walking back) terminates with either the optimal 
solution of SIP or all paths are searched, i.e., the SIP is 
infeasible. 

V.  SIMULATION EVALUATION  

We have implemented MGBA for SIP and have down 
several simulation by finding optimal resource schedule for 
business process with different abstract services and the 
different SLA. The simulation of resource scheduling 
optimization includes the following study cases: 
(1) A user’s process includes 2 abstract services. Each 
abstract service has 3 resources available to be selected, 
while the probability of fulfillment of SLA is 0.84 or 0.88. 
(2) A user’s process includes 4 abstract services. Each 
abstract service has 3 resources available to be selected, 
while the probability of fulfillment of SLA is 0.5. 
(3) A user’s process includes 6 abstract services. Each 
abstract service has 3 resources available to be selected, 
while the probability of fulfillment of SLA is 0.62. 
(4) A user’s process includes 7 abstract services. One 
abstract service has 5 resources available to be selected, 
while the others have 6 resources available to be selected. 
The probability of fulfillment of SLA is 0.47.  

The experiment result is shown in Table 1. From the 
result, we can see that the computation of optimal resource 
schedule finished in a reasonably short time. But the time is 
growing exponentially with the increasing of the numbers of 
the services and resources. The reason is that the 
computation of Gröbner basis is still suffer from the fact 
that the size of Gröbner basis grows exponentially with the 
increasing of the 

VI.  RELATED WORKS  

In [13], H.Wada et al. develop a multi-objective 
optimization model to tackle SLA-aware service 
composition problem. They consider multiple SLAs 
simultaneously and provided a set of solutions of equivalent 
quality. But their model is based on the heuristic genetic 
algorithm in which the performance cannot be expected. 

In [14], S.Chaisiri et al. apply stochastic integer 
programming for resource provision optimization problem. 
The algorithm minimizes the total cost of resource provision 
in a cloud computing environment. The optimal solution is 
obtained by formulating and solving stochastic integer 
programming with two-stage recourse. However, they do 
not consider the notion of SLA, which is one of the most 
important business notion in cloud computing. 

VII.  CONCLUSION 

In this paper, we have proposed a model for 
optimization of SLA-based resource schedule in cloud 
computing based on stochastic integer programming 

technique. By applying Gröbner bases theory, we extend 
MGBA to solve the stochastic integer programming with 
two-stage recourse, furthermore introduce a method to solve 
the optimal model of SLA-based resource schedule problem. 
The performance evaluation has been performed by 
numerical studies and simulation. The experimental result 
shows that the optimal solution is obtained 
in a reasonable short time. 

We plan to have several extensions as future work. The 
resource scheduling optimization model will be extended to 
tackle multi-objective optimization problems. The MGBA 
for stochastic integer programming will be extended to 
solve multi-objective stochastic integer programming 
problems. The overall performance of the algorithm will be 
improved by improving the computation of Gröbner 
Basis/test set for integer programming. 
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Figure 1.  resource composition 

 

TABLE  I. EXPERIMENTAL RESULTS 

Problems  Optimal resource schedule Time(sec) 

0.84 
0,0,0,0,0,0 232221131211  xxxxxx  

0,0,0,0,1,0 232221131211  xxxxxx  

Overall 10,100,44:  LTCQos   

2.36 2  

3|| i i=1,2 

0.88 
1,0,0,0,0,1 232221131211  xxxxxx  

Overall 8,130,97:  LTCQos  
182.98 

4  

3|| i ,i=1,…,4 

0.5 
1,0,0,0,1,0 232221131211  xxxxxx  

1,0,1,1,0,1 434241333231  xxxxxx  

Overall 30,250,93:  LTCQos  

235.59 

6  

3|| i ,i=1,…,6 

0.62 
0,0,0,1,0,0 232221131211  xxxxxx  

0,0,1,0,0,1 434241333231  xxxxxx  

0,1,0,0,1,0 636261535251  xxxxxx  

Overall 40,450,122:  LTCQos  

433.64 

7  

3|| i ,i=1,…,6 

5|| 7   

0.47 
1,0,0,0,0,1 232221131211  xxxxxx  

1,0,0,0,1,0 434241333231  xxxxxx  

0,1,0,0,1,0 636261535251  xxxxxx  

0,0,0,0,1 7574737271  xxxxx  

Overall 80,650,212:  LTCQos  

1219.18 
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