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Abstract: Due to the few computing resource planning options currently 
available in Grid computing, capacity planning, an old discipline for ana-
lyzing resource purchases, is simple to perform. However, once a commer-
cial computing Grid is established, which provides many different resource 
types at variable prices, capacity planning will become more complex and 
the user will require support for handling this difficult process. The support 
could come from an online Grid Capacity Planning Service, which helps 
users with little IT expertise to make use of the Grid in a cost-effective 
manner. This Grid Capacity Planning Service is a stand-alone service, 
enabling companies to outsource their capacity planning task. This paper 
describes the Grid Capacity Planning Service and demonstrates the work-
ings of the service through simulations.  
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1   Introduction 
Capacity planning is being applied in many variations in companies. The more the 
company depends on capacity planning decisions, the more effort is allocated to it. For 
example, in data centers, capacity planning is extensively used to determine the compu-
ting resource needs. To ensure that all applications run with the required QoS and none 
of the computing resources becomes overloaded, the IT staff continuously monitors 
system data and resource usage, forecasts the future demand of applications and, thus, 
predicts their resource requirements. This requirements list can then be turned into an 
allocation plan and, if the existing resources are insufficient, into a list of  required re-
sources which need to be purchased.  

At present, the computing capacity planning process of companies is fairly simple, 
since required computing resources can only be purchased or leased. With the advent of 
commercial Grids, however, capacity planning becomes more involved. Any company 
that requires additional resources now is offered a new option for satisfying its compu-
ting resource needs: purchasing Grid resources from the commercial Grid. This addi-
tional option adds additional complexity to the resource purchase decision making 
process, since three issues have to be addressed: Firstly, it needs to be decided which 
applications are suitable to run on the Grid. Secondly, since a Grid market is expected 
to be competitive, prices will fluctuate with changes in supply and demand. Thus, if the 
overall cost of Grid usage has to be determined, the price for Grid resources has to be 
predicted accurately. Finally, the demand fluctuations have to be predicted accurately, 
since the benefit from using the Grid comes from selling spare capacity on the Grid and 
buying additional resources at times of peak demand times. From these three issues, it 
can be seen that, while capacity planning is vital to using computing resources in an 
economically efficient manner, it is extremely difficult to perform it properly. 

Because of this difficulty, we propose a new service in the commercial Grid envi-
ronment: the Grid Capacity Planning Service (GCPS). The remainder of the paper is 
organized as follows. Section 2 gives an introduction to capacity planning, while sec-
tion 3 elaborates on the difference between traditional capacity planning and Grid ca-
pacity planning. Our capacity planning model is introduced in section 4 and expanded 
in section 5. The workings of the model are then demonstrated with the use of simula-
tions in section 6. 

2   An Introduction to Capacity Planning 
The term “capacity planning” is often used but rarely defined. To avoid any ambiguity, 
we follow the definition given by IBM [1]:“Capacity Planning encompasses the 
process of planning for adequate IT resources required to fulfill current and future re-
source requirements so that the customer's workload requirements are met and the ser-
vice provider's costs are recovered.” 

This definition allows us to categorize the users of capacity planning into two 
groups: customers and providers. Current research has largely taken the stance that the 
provider’s problem in Grids is a resource allocation problem to which economic me-
chanisms can be applied [2, 3, 4, 5, 6, 7]. Other researchers have taken a more long-



term view of capacity planning which works with reservations [8] while still others 
have applied the problem to specialized fields, such as phased workloads [9]. 

However, there is, as of yet, no research being done on the customer’s need for ca-
pacity planning in a utility computing environment. We will remedy this situation by 
focusing solely on the customer’s capacity planning problem, which is at least as chal-
lenging as the provider’s.   

The following three tasks are at the heart of the capacity planning process, accord-
ing to the definition given above: (1) monitoring of the current resource utilization, (2) 
estimation of future resource requirements of applications and, finally, (3) cost estima-
tion to ensure that a company does not overspend.  

2.1 Capacity Planning Tasks 
Before the introduction of commercial Grids, capacity planning had only been a long-
term approach. Data center staff had to analyze the current application-to-resource 
mapping, the monitoring data, and some economic data, such as the income generated 
by certain applications. Using this input, the data center staff then had to determine 
whether the resource pool is able to run all applications at the required QoS. If this had 
not been the case, the data center staff had to determine which additional resources 
have to be purchased or leased and then create a migration plan for the applications that 
have to be migrated. 

With the advent of commercial Grid offers, capacity planning can also be used to 
solve short-term capacity problems. In this case, the data center staff can purchase addi-
tional Grid resources if the applications no longer run at the required QoS. Since this 
decision can be implemented within minutes, the capacity planning process now takes 
on a short-term aspect as well. However, as has been shown in [10], using the Grid ex-
cessively is also not to be encouraged, as the Grid becomes more expensive than in-
house resources in the long run. 

We can therefore say that the capacity planning process for utility computing con-
sists of two parts: The short-term capacity planning process and the long-term capacity 
planning process which has been used in datacenters before the introduction of utility 
computing environments. This idea is illustrated in the figure below. 

 
 

 
Figure 1. Capacity Planning Structure for Utility Computing. 
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Each of the two capacity planning sub-services, the Short-Term Capacity Planning 
Service (STCPS) and the Long-Term Capacity Planning Service (LTCPS), has a num-
ber of tasks to perform. For the STCPS, the main task is the scheduling of applications 
to resources that are available. A further subtask of scheduling is load balancing which 
ensures that all resources are used evenly. Furthermore, the STCPS has the capability to 
perform medium-term mapping of applications to resources (i.e. resource reservation). 
This is useful in the case of daily demand peaks which can then be planned for. Such a 
module reserves utility computing resources (e.g. on a day-ahead basis) to ensure that 
the scheduler has sufficient resources to schedule all applications. Lastly, the STCPS 
also has to take the economics of Grid usage into account. Not only can the Grid usage 
become expensive over time, it can also be more expensive than letting an application 
run slower. To determine whether using the Grid is economically efficient, the STCPS 
has to have an economic optimization module. 

The LTCPS, on the other hand, is mostly concerned with the economics of resource 
purchases. In other words, its focus lies on the question of which resource purchase is 
the most economically efficient one. This procedure has to take into account the current 
mapping of application to resources, the performance of each application and the costs 
incurred by using Grid resources. Furthermore, the user’s budget constraints and eco-
nomic requirements (e.g. importance of applications to the user’s business, the expected 
long-term benefits of providing good QoS) have to be considered when developing a 
new application mapping. 

Especially, the LTCPS also has to consider risks. Some risks are inherent to the sys-
tem, such as resource failures or provisioning issues. To avoid these problems, the 
Economic Optimization Engine has to take into account the risks inherent to using in-
house and Grid resources and has to determine which course of action (e.g. fault toler-
ance mechanisms) can minimize these risks. 

2.2 Capacity Planning Inputs and Outputs 
To perform their tasks, both capacity planning services require a number of inputs 
which are shown together with the outputs of the capacity planners in the following 
figure. 

 

 
Figure 2. Capacity Planning Inputs and Outputs. 

 



The first input parameter is the monitoring information. In this case, monitoring re-
fers to three types of actions: measuring the utilization rates of resources, response time 
analysis of applications, and traffic analysis. In the utilization rate measuring process, 
the IT staff analyzes to which percentage any given resource is used. Once the utiliza-
tion approaches a critical level, the resource is classified as overloaded.  

The response time analysis determines the response time of applications. The rise of 
the response time over a certain threshold level indicates that the application has insuf-
ficient resources available.  

The traffic analysis is used to determine traffic flows within the data center and the 
traffic flows into and out of the data center. This data can then be used to determine 
whether individual resources need to be connected differently. The traffic flow infor-
mation can also be used to determine whether the infrastructure is able to handle all da-
ta transmissions.  

The second type of input is the economic factors which are stated by the user. These 
can include requirements (e.g. certain applications have to run in-house) and restric-
tions. Restrictions can be categorized into financial restrictions or into purchasing re-
strictions. Furthermore, the user may have a certain budget which has to be considered 
when creating a new capacity plan. 

The third type of input is the information about the resource and application pool. 
In particular, the capacity planning service has to know which applications are running 
and what they are being used for, since the use can have a big impact on the resource 
requirements. For example, a Web server for text-based Web pages has a different load 
pattern than a Web server which is used for streaming videos.  

Furthermore, the capacity planning service has to know which resources are availa-
ble. This includes not only in-house resources but also resources that have been pur-
chased on the Grid and resources that are available on the Grid.  

Based on these inputs, the capacity planning service creates a number of outputs 
which can either be used by automated programs or by the data center staff. The former 
is the Migration Engine which is responsible for either migrating applications accord-
ing to the resource allocation plan generated by the capacity planning service.  

The second output consists of a recommendation list for making reservations of 
computing capacity on the Grid. These can be either short-term reservation recommen-
dations which come from the STCPS or long-term reservation recommendations from 
the LTCPS. The actual reservations, based on the recommendation list, can be made on 
behalf of the user by an automated Reservation Engine. Alternatively, the reservations 
can also be made by the user. 

Lastly, the Long-Term Capacity Planning Service can also create a plan for pur-
chasing in-house resources. Since this task cannot be performed automatically, the 
LTCPS only gives out human-readable list of resources that have to be purchased and 
the store at which to purchase them. 
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3 Grid Capacity Planning and Traditional Capacity Planning 
There are a number of differences between traditional capacity planning as it is per-
formed today and Grid capacity planning. This section will illustrate these differences 
and thereby demonstrate the need for a Grid Capacity Planning Service. 

3.1 Resource Selection 
The outcomes of traditional capacity planning are fairly limited, since there are only 
three courses of action: purchasing in-house resources, renting or leasing in-house re-
sources, or doing nothing. This lack of fine-grained options does not require a long-
winded capacity planning process for small and medium-sized companies. Therefore, 
the decisions of those companies that can be made can be made quickly, optimizing the 
costs for the capacity planning procedure [11].  

While capacity planning is not an attractive tool in non-utility computing environ-
ments, it becomes more important in commercial Grids due to the wider range of op-
tions: purchase Grid resources, purchase in-house resources, lease resources, any com-
bination of the previous, sell spare computing capacity, or do nothing. This increased 
number of options leads to the problem that an optimal capacity planning solution is 
not obvious anymore. For example, users willing to sell computing resources must con-
sider the expected income during the capacity planning process.  

Overall, due to the increased complexity, the capacity planning staff requires more 
time, which makes the capacity planning process more expensive and, thus, a utility 
computing environment less attractive.  

3.2 Price Volatility and Demand Fluctuation  

The prices of the current computing resource market are static, i.e. resource prices do 
not change frequently. Differences only occur because of special offers or economies of 
scale. This means that the capacity planning team does not need to rush the process to 
avoid rising prices, since even the currently available utility computing resource prices 
remain constant (e.g. Amazon [12], Tsunamic Technologies [13]). 

With the advent of commercial Grids in which companies can purchase and sell re-
sources according to their needs, the changes in supply and demand will lead to fluc-
tuating prices [14, 15, 16, 17]. These varying prices must be taken into account in the 
capacity planning process.  

Furthermore, taking fluctuations of demand into account, it becomes necessary to 
predict how prices will develop in the future, and thus, the timing of purchases may be-
come a relevant parameter in the capacity planning process. To achieve a precise pre-
diction, the capacity planner must consider the past behavior of the market with respect 
to the available resources. This means that the capacity planner should not only look at 
the average demand but also at peak demand times on the utility computing market, 
which can occur when many Grid users require additional resources. Furthermore, the 
own demand must be seen in comparison to the peak demand. If there are regular de-
mand peaks on the utility computing market and the own demand peaks occur at the 
same time, the required Grid resources might only be available at very high prices, 



which might cause budget problems. On the other hand, if the own demand is anti-
cyclical to the market demand, Grid resource prices should not be an issue. 

3.3 Application Mapping 
Optimizing the mapping of applications to resources also becomes more convoluted in 
a Grid market environment. In traditional capacity planning scenarios, companies only 
have to find a mapping of applications to their in-house resources and, if necessary, 
purchase additional resources for in-house installation. This approach, while not trivial, 
is manageable, since the number of possible mappings and the resource diversity are 
fairly small. In fact, once a company knows which resources have to be purchased, the 
suitable products can be ranked according to their cost. 

On the other hand, optimizing the application mapping in a utility computing envi-
ronment is also more involved. The application-to-resource mapping depends on the re-
sources that could potentially be purchased on the Gird. Therefore, for each application, 
two groups of options have to be considered: running the application on one of the suit-
able in-house resources, or running the application on one of the suitable Grid re-
sources. Each of the Grid options has its own price, since the pricing structures differ 
between resource types and resource providers. 

Furthermore, applications have to be sorted according to whether they are suitable 
to run on the Grid or not. Some applications may not run on the Grid because of several 
reasons, such as applications that require sensitive information for their calculation 
which is not allowed to be transmitted to external resources.  

3.4 Comparison 
Grid capacity planning is more elaborate than traditional capacity planning due to 

the additional options available in computing resource markets. These differences are 
summarized in Table 1. This increased complexity will mean that companies with little 
or no IT expertise that are new to the Grid will either not use it or overspend.  

Table 1. Comparison of Traditional and Grid Capacity Planning. 

 Traditional Capacity 
Planning 

Grid Capacity Plan-
ning 

Resource Selection Few courses of action Many courses of ac-
tion 

Price Volatility Small Large 
Application Mapping Small Large 

 
 

However, all companies participating in the Grid need to perform the same capacity 
planning steps and many run similar applications with similar loads. Therefore, it 
would be useful if the capacity planning process could be outsourced to an external ent-
ity which specializes in providing a capacity planning service. This service, the Grid 
Capacity Planning Service (GCPS), would allow companies to benefit from utility 
computing by optimizing companies’ Grid resource purchases at low costs. Therefore, 
this service would be a Grid market enabler.   
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4 A Capacity Planner Model   
Following the general model introduced in section 2, the GCPS consists of two parts 
working in concert. Their workings and interaction is illustrated in more detail in this 
section.  

4.1 The Long-Term Capacity Planning Service 
The Long-Term Capacity Planning Service (LTCPS) performs the long-term data anal-
ysis as described in section 2. Since its main task is to analyze the current data center 
computing resource pool and the current application mapping, it must be given this in-
formation, in addition to economic information, such as the budget of customer (both 
for Grid and in-house resource purchases), the relative importance of each application 
and whether the customer would be willing to sell resources on the Grid market.  

The next step of the LTCPS is to analyze how the applications which have to run 
in-house (so-called in-house applications) can be mapped to existing resources. The 
outcome of this analysis can fall into the following categories: (1) the user has to pur-
chase additional in-house resources, (2) the user has idle in-house resources, (3) the us-
er has idle in-house resources but also has to purchase additional resources to satisfy 
the demand, or (4) the user has no idle in-house resources and all applications have 
been mapped. In cases 1 and 3, the user has to purchase additional in-house resources. 
In the remaining cases, the LTCPS can continue the capacity planning process. This is 
illustrated in the following figure. 

 

 
Figure 3. Initial Steps of the LTCPS. 

 

In the next step, the LTCPS will have to consider the costs and benefits of using 
Grid resources. In general, it has to weigh (1) using in-house resources versus using 
Grid resources, (2) purchasing new in-house resources versus using Grid resources and 
(3) whether the user is willing to sell resources on the Grid and if so, which resource 
configuration would be the best selling option. All these factors then have to be ana-



lyzed with regards to the market issues that have been described previously, namely 
demand fluctuation and price fluctuations.  

The result of this step will be an optimal or near-optimal mapping of applications to 
resources such that all user requirements are met and that the resources are used as effi-
ciently as possible. The result can fall into one of the following categories: Purchase 
Grid resources, purchase in-house resource, and purchase both in-house and Grid re-
sources. The purchase of Grid resources could be implemented in the form of a pur-
chasing plan. To avoid high prices, such Grid purchases could be done far in advance 
by using the Reservation Engine. For regularly occurring demand peaks, peaks could be 
covered by using Grid resources in addition to in-house resources. 

5.2   The Short-Term Capacity Planning Service 
The Short-Term Capacity Planning Service (STCPS) performs measurements on the in-
house resources to determine their load and the response time of applications. To en-
sure that these tests do not affect the system adversely, STCPS will only do so periodi-
cally. Should it notice that either a resource is being used to maximum capacity or that 
an application response time is decreasing, it will determine which Grid resource can 
take up the additional demand. 

Furthermore, the STCPS will consider the number of times a similar Grid resource 
has been purchased in the past. This will allow the STCPS to monitor two important is-
sues: On one hand, it can determine whether these Grid purchases are necessary at reg-
ular intervals. If so, it can determine when the Grid resources will be required again and 
can then suggest reserving Grid resources.  

The STCPS will inform the LTCPS of the Grid resource purchase. This allows the 
LTCPS to determine whether the total cost for these Grid resources approaches the 
costs of an in-house resource. If this is the case, the LTCPS can warn the user, since 
this may be a sign that the capacity plan is outdated. 

The purchasing information also allows the LTCPS to determine whether Grid re-
source purchases are occurring at regular intervals. If this is the case, the next purchas-
ing date can be predicted without difficulty and Grid resources can be purchased in ad-
vance. 

6 Implementation and Validation 
An initial test of the performance of both components has been implemented. The ser-
vices are expected to function within a continuous double auction (CDA) setting, which 
was implemented using Repast [18]. The simulation environment consisted of 500 
agents, which traded resources within this market for 500 days. At the beginning of the 
day, each agent determines its demand. If the demand is larger than the number of in-
house resources, the agent will bid for resources on the Grid market. Should the num-
ber of required resources be lower than the number of in-house resources, the agent 
would attempt to sell the excess resources. The traded resources were made available 
the following day.  
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Table 2. Simulation Parameters Overview. 

Parameters Value 
Number of agents 500 
Number of in-house resources (per agent) 20-40 
Market mechanism CDA 
Number of simulated trading days 500 
Offer expiration time 1 day 
Demand distribution Nor-

mal 
Distribution Mean 30 
Distribution Variance 30 

 
 

Using this setup, we developed two scenarios: In the first scenario, the agents used 
their current demand level to purchase or sell resources. The result of this simulation 
can be seen in Fig. 4, which shows the number of available resources. A negative value 
shows that the agent has fewer resources than required, while a positive value shows 
that the agent has more resources than it requires.  

 

 
Figure 4. Resource Availability with Basic Capacity Planning. 

 

The spikes in the graph show that the agent rarely has the correct number of re-
sources available. This fact shows that this very basic capacity planning approach is far 
from optimal when it comes to predicting the resource. 

The second scenario worked with a more complex capacity planning approach: The 
agents’ capabilities were expanded to allow predicting their demand based on past re-
source requirements. The requirements prediction was implemented using the linear re-
gression tool of the Apache Commons Math Toolbox [19]. The linear regression used 
the demand from the past 30 days to predict the demand for the next day. This informa-
tion was then used to buy or sell resources. The result of this simulation is shown in 
Fig. 5 below.  

 
 



 
Fig. 5. Resource Availability with More Advanced Capacity Planning. 

 

Fig. 5 shows that the peaks are no longer as large as before and that the extreme 
peaks no longer occur with the agents. While this is not a marked improvement, it 
should be noted that the prediction algorithm is still fairly basic.   

The simulations demonstrated that the GCPS is indeed a valuable tool in a Grid 
market environment in which price volatility and demand fluctuation have to be consi-
dered. The GCPS can ensure that a company will have sufficient resources at its dis-
posal in such an environment. Since these comparisons are also computationally fast, 
the entire capacity planning process in this environment took only a few milliseconds 
per agent. However, the simulations also showed that much remains to be done to im-
prove the predictive capabilities of this service.   

7 Conclusion  
In this paper we defined capacity planning for utility computing and placed it in context 
with load balancing, scheduling, and reservations. Furthermore, we have shown that 
capacity planning is more complex in a Grid environment than traditional capacity 
planning. Due to the complexity, we believe that a Grid Capacity Planning Service is 
required for a successful Grid usage, since performing capacity planning using in-house 
staff is costly and would negate the benefits of utility computing. 

The GCPS described in this paper consists of two distinct parts: the Short-Term 
Capacity Planning Service and the Long-Term Capacity Planning Service. This struc-
ture reflects the fact that capacity planning in a commercial Grid environment has to be 
used to solve short-term and long-term problems. The first is responsible for ensuring 
that all applications and resources are running as required by the user and will give ad-
vice regarding additional resources if necessary. The latter is responsible for long-term 
planning of data centers and takes into account the resource requirements of all applica-
tions, the available in-house resources, prices, demand fluctuations, and the user re-
quirements. Using this information, a mapping of all applications is found and (if ne-
cessary) recommendations for resource purchases are made.  

Furthermore, the GCPS has been implemented and initial tests have shown that the 
performance overhead is low. Future work will center on refining the capacity planning 
algorithms of the two components, since the simulations have also shown that the de-
mand prediction has to be improved.  
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