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Abstract—In IT service delivery and support, the cloud paradigm has introduced the problem of resource over-provisioning through

rapid automation (or orchestration) of manual IT operations. Due to the elastic nature of cloud computing, this shortcoming ends up

significantly reducing the real benefit, viz., the cost-effectiveness of cloud adoption for Cloud Service Consumers (CSC). Similarly,

detecting and eliminating such over-provisioning of cloud resources without affecting the quality of service (QoS) is extremely

difficult for Cloud Service Providers (CSPs) since they have visibility only into the state of the IT services (cloud resources) but

none into the actual performance of business services. In this paper, we propose Tier-centric Business Impact and Cost Analysis

(T-BICA), a tier-centric optimal resource allocation algorithm, to address the problem of rapid provisioning of IT resources in

modern enterprise cloud environments, through extensive data gathering and performance analyses of business services in a

simulated environment emulating a mature cloud service provider. We have derived improved analytics to address the issues and

to accelerate real cloud adoption for large enterprises within the context of meeting (or exceeding) business service level objectives

(SLOs) and minimizing the cloud subscription cost (OpEx) for the business. While investigating the problem, we consider the time

and the cost of delivering business service in medium- to large-size enterprise environments, quantifying the negative impact of IT

resource over-provisioning (due to highly mature IT services centric orchestration capabilities) on the business, and indicate how

the suggested cloud analytics could assist in reducing total cost of ownership (TCO) of the business service. From our analysis of

the test data, we have observed that our suggested approach and analytic reduces the cost of delivering business services by

65.19 percent, and improves the performance (total time to deliver) by 74.18 percent when compared to the existing modern cloud

management and resource provisioning approach. Using T-BICA dramatically reduces upfront costs (CapEx) for CSPs (from the

capacity procurement and management points of view) through efficient on-demand resource de-provisioning, without affecting

business SLOs and IT service level agreements (SLAs). The improved dynamic allocation of resources also makes for better

efficiency of utilization, which in turn has desirable consequences for sustainability, and makes this an approach for “Green” IT.

Index Terms—Cloud computing, infrastructure as a service, public cloud, private cloud, business impact analysis, business service, SLO,

SLA, business applications, multi-tier system, over-provisioning, cloud service provider, cloud service consumer
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1 INTRODUCTION

EFFICIENT IT resource allocation in enterprise cloud sys-
tems can help organizations improve their returns on

investment (ROI) either by migrating business services to
public or private clouds (IaaS) or by subscribing standardized
business service functions such as software as a service (SaaS)
or platform as a service (PaaS) from respective CSPs [2]. In
this paper, we propose Tier Centric Business Impact and
Cost Analysis (T-BICA), an optimal resource allocation algo-
rithmwhich aims to address the issue of over-provisioning of
resources caused by traditional on-demand resource alloca-
tion in multi-tier cloud systems. Modern cloud-based busi-
ness services often consist of multiple tiers, e.g., to handle
massive and complex real-time online transaction processing

(OLTP) applications hosted by organizations. T-BICA is
designed to help organizations significantly minimize the
CapEx (capital expenditure) and OpEx (operating expendi-
ture) of deploying and supporting the required hosting envi-
ronment. Most of the applications hosted on cloud require
on-demand resource allocation capability from the cloud ser-
vice providers to deal with unexpected spikes in demand. T-
BICA precisely addresses this problem, and our analyses
indicate the significant benefits of using the same.

The resource allocation mechanism proposed in this
paper differs from the traditional resource allocation
approach currently adopted in enterprise private clouds.
Although there have been several resource allocation algo-
rithms proposed, these approaches fail to monitor resource
requirement and utilization at each individual tier of busi-
ness services. Some of these approaches are to use local and
global allocation algorithms for providing on-demand
capacities of concurrent applications [3], using a Cloud
Capacity Manager (CCM) to provide on-demand compute
capacity management for virtualized data centers [4], using
virtualization technologies [5], [6] for allocating resources
dynamically based on application demands that can com-
bine different workloads and improve utilization of resour-
ces, and using an optimal cloud resource provisioning
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algorithm [7] for provisioning of compute resources for
short term on-demand plans as well as long term plan.
There also have been several game-theory based resource
allocation algorithms proposed which try to optimize
resource consumption in the cloud [8], [9], [10]; there also is
an SLA-based resource allocation algorithm for SaaS pro-
viders [11]. But none of these approaches talks about provi-
sioning resources at the tier level. A typical multi-tier
business system usually consists of web, application and
database tiers, which have their own utilization rates and
resource demand rates. The usual gross approach that does
not take tier-level resource utilizations, actual load as well
as overall business service performance into account to trig-
ger only justified additional capacity resource provisioning,
is inherently limited in its performance. Our experiments
show that T-BICA is able to allocate resources at tier level
and utilize resources more efficiently, which leads to lower
resource subscription costs and helps avoid SLA violations.

The modern cloud computing approach has well-known
advantages over conventional grid computing which is pur-
pose designed and deployed for special-purpose sys-
tems [12], [13], [14]. A wide variety of analytic (predictive
and forecasting) and business tools (business impact analy-
sis), and highly sophisticated cloud lifecycle management
(CLM) suites for rapid automation and end-to-end process
orchestration for IT Service Management (ITSM) processes
are deployed in large organizations to harvest the benefits
of cloud computing for business outcomes [2], [15]. Fig. 1
shows the generic architecture of a cloud environment. The
environment consists of an application layer where several
business applications can be hosted and can be co-located
and managed by single CLM [16], [17]. Nevertheless, a vir-
tualized hosting environment is highly elastic compared to
a physical (server) cloud environment. The National Insti-
tute of Standards and Technology (NIST) defines cloud
deployment models as being for public, private, hybrid and
community clouds, on the basis of management, purpose
and utility (end user), ownership and operation of the cloud
environment [18]. The ideal cloud deployment model for an
organization could be a combination of two or more deploy-
ment models, and the decision is highly influenced by busi-
ness processes and business services, rather than the
availability of cloud deployment technologies [19], [20].

Efficient IT resource allocation to business services
improves ongoing savings, as the IT operation process
matures, and the cloud environment graduates from basic
(IT SLA-centric) to advanced (business SLO-sensitive). The
currently available public and private cloud technologies
and services are far more mature compared to conventional
IT delivery (physical and virtualized), in terms of resource

allocation and delivering business service SLOs. As we
explain the current resource allocation approach followed by
most CLM and CSPs, it becomes evident that the resource
allocation rules designed for the systems are focused on
uptime, availability and performance of end-to-end business
service transactions, rather than effective utilization of indi-
vidual building blocks (IT resources). This gross approach
suffices to achieve business objectives, but it increases costs
(OpEx) for CSCs by way of higher cloud subscriptions, and
also makes for higher CapEx for CSPs (to reserve sufficient
capacity). T-BICA significantly reduces both the OpEx and
the CapEx, and helps achieve business SLOs at lower costs.

In the conference extended abstract [1], some of these
ideas were presented briefly, but here we offer the following
improvements in extenso:

� We have given a stronger technical foundation for
the technique proposed, in the form of algorithms as
well as mathematical reasoning, in Section 3.
Detailed analyses of the working of the proposed
method and its cost benefits are also added.

� We have drawn a clear distinction between the tradi-
tional resource allocation techniques adopted by
cloud providers currently (Section 2.2), and T-BICA.
While it might be expected that the academic
research is ahead of the practice, so that this problem
should not appear in systems proposed and dis-
cussed by researchers, our literature review shows
instead that even papers in learned conferences and
journals [21], [22], [23] do indeed propose provision-
ing (and analyses for QoS and other parameters) con-
sidering a cloud-based application (even in explicitly
multi-tier systems) as a whole block, not considering
loads and performances at tier levels, though this
leads to gross wastage of resources [24].

� We have indicated the working of the conventional
approach with a static resource allocation algorithm
(Section 2.3), with a detailed example concerning a
personal banking service, to demonstrate batch job
execution in the cloud environment traditionally.
Later, we have indicated the working of the T-BICA
approach using the same parameters as the example,
to illustrate the realistic advantages gained.

The rest of the paper is organized as follows. Section 2
discusses existing resource allocation algorithms for cloud
systems. Sections 2.2 and 2.3 discuss in general form the
resource allocation approach that is currently adopted by
CSPs, and its shortcomings. Section 3.1 explains our pro-
posed T-BICA algorithm in detail and give proofs of correct-
ness using lemmas and a theorem. In Section 4, we perform
experiments and data analysis (for a simulated environ-
ment) on a industry-grade three-tier savings bank account
management business service to show the shortcomings of
the traditional cloud resource allocation approach of
resource allocation in private cloud and how T-BICA helps
in improving the resource allocation at justified cost.

2 RESOURCE ALLOCATION IN CLOUD SYSTEMS

2.1 Related Work

There have been several proposed algorithms for resource
allocation in cloud systems. Chang et al. [25] present an

Fig. 1. Generic cloud architecture.
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polynomial-time approximation algorithm for the resource
allocation problem, which is formulated according to the
demand for computing power and other resources. That
solution can be exploited by business organizations to
reduce cost and overheads associated with cloud manage-
ment. An et al. [26] present a negotiation-based resource
allocation scheme where providers and consumers auto-
matically negotiate resource leasing contracts. This scheme
also allows agents to breach and de-commit their contract at
pre-specified penalty. The paper compares several existing
resource allocation algorithm and shows that the proposed
approach achieves higher social welfare. Rai et al. [27] pres-
ent a generic and extensible tool Wrasse which tries to solve
the problem of resource allocation in cloud. It is powered
by GPUs in the back-end which makes it possible to provide
solutions to resource allocation problem quickly with mini-
mum latency. A two-tiered resource allocation mecha-
nism [3] has been proposed by Song et al. for providing on-
demand capacities of concurrent applications using local
and global resource allocation algorithms. Cloud Capacity
Manager [4] is a prototype system which provides an on-
demand compute capacity management for virtualized data
centers consisting of thousands of machines. Also, Chaisiri
et al. [7] propose an optimal resource provisioning
approach for compute resources, given short-term on-
demand plans as well as long-term plans. Analytic Hierar-
chy Process [28] is a complex decision-making technique
which decomposes a problem into multiple sub-problems
to reach a final decision. A task-oriented resource allocation
technique based on AHP has been proposed for a cloud
computing environment [29]. Han et al. [30] present an
adaptive elastic scaling algorithm which reduces the cloud
infrastructure cost to allow scaling applications at bottle-
neck tiers. Goudarzi and Pedram [31] discuss an SLA-based
resource allocation problem for multi-tier applications using
cloud computing.

With the increasing maturity of virtualization platforms
and availability of high-capacity compute resources, the
cloud has become the preferred option for organizations
to consider moving non-critical business services, rather
than expanding existing data centers or investing in new
ones. Therefore, organizations are increasingly migrating
seasonal workloads to public clouds through the hybrid
cloud model and retaining critical business services in pri-
vate clouds [32], [33], [34]. This approach enables organiza-
tions to reduce the TCO of their business services, and
makes them more competitive in the market. Eventually, as
cloud product offerings get mature, and as the cloud opera-
tions processes gets more efficient, the unit cost of cloud
resources tends to decrease year after year. Such reduced
costs for cloud resources encourages rapid cloud adoption,
and some of the credit for this goes to economies of scale in
public cloud environments [35]. However, wasteful alloca-
tion of resources tends to offset the advantages of reduced
costs [36], [37].

There have been some parallel data processing platforms
like Nephele [38] which exploits the dynamic resource allo-
cation for IaaS-based applications which process massive
amounts of data. Nephele is the first data-processing frame-
work to use dynamic resource allocation on cloud for both
task scheduling and execution. Yazir et al. [39] present a

Multiple Criteria Decision based dynamic resource alloca-
tion policy on cloud using the PROMETHEE method [40].
In their architecture, resource management is decomposed
into an array of independent tasks, each of which is carried
out by Autonomous Node Agents. The simulations show
the scalability and flexibility of the distributed architecture.

All these approaches fail to observe tier-level resource
utilization and allocation. A white paper by Cloudyn [24]
says that over-provisioning of cloud resources to handle all
contingencies has become an “epidemic.” We observe that
for many years, starting from the earliest models of web
services [41], to more recent works dealing with multi-tier
applications and services [42], [43], and even more recent
work applicable to cloud environments in multi-tier sys-
tems [21], [22], [23], the tendency has been to consider the
system as a whole, ignoring its internal tiered structure, and
to analyze it accordingly. Thus, though various important
ideas and algorithms are applied to improve QoS and other
attributes, performance analyses and resource allocation are
considered for the whole system at once, not in a tier-wise
manner.

T-BICA monitors resource utilization at individual tiers,
ensuring the business service SLOs are within agreed
ranges. In the following sections, we show how not consid-
ering tier-level resource allocation is a shortcoming, and
how T-BICA can replace the traditional resource allocation
approach by monitoring and allocating resources on-
demand at each tier of the business service.

2.2 Shortcomings of the Current Approach

We consider a scaled-down version of an enterprise class
business service (Fig. 2) of the finance industry to demon-
strate the shortcomings of the current elastic cloud model
and on-demand cloud provisioning, and the unjustified
overhead of associated cost incurred by CSCs due to the
same.

The application used here is a variant of the widely-used
personal banking system that maintains individual savings
bank accounts. This is a three-tier (web, application and
database) business service that generates bank customer
account statements on a monthly basis after calculating total
interest earned for the month, and sends account statements

Fig. 2. Standard business service monitoring and resource allocation in
private cloud.

578 IEEE TRANSACTIONS ON CLOUD COMPUTING, VOL. 5, NO. 3, JULY-SEPTEMBER 2017



to the respective account holders. All the business services
and functions of the banking, financial service and insur-
ance (BFSI) are highly regulated by the central banking
authorities at national level, and other controllers. Therefore
in this case it is binding on the bank to send monthly
account statements to account holders with up-to-date
account balance and interest earned. Any delay beyond a
certain limit may cost the bank a heavy penalty or even loss
of license. However, for the sake of simplicity, we assume
that the bank must complete the entire process of updating
individual account balance, generating account statements
within the first seven days of each month (or quarter), and
sending each statement by e-mail (or snail mail) to the
respective account holder. Our simulation is limited to gen-
erating a large number of account statement and saving
them into a database, but not actually generating e-mails/
snail mails—generation and delivery of such notifications
typically belongs to a different department, and requires a
different system, that is not in the scope of our work. (There
is presumably little research interest in that function, as
well.) Therefore, we do not consider the processing load of
sending the specified number of statements to the associ-
ated account holders, which is a constant regardless of what
methods and resources are used to generate them. Fig. 2
shows the resource allocation process in a private cloud
environment with multiple tiers involved, and also illus-
trates how business services are monitored at the Monitor-
ing Layer.

However, the conventional resource allocation approach
has the following shortcomings.

1) It does not monitor precise resource utilization at
individual tiers of the business service; it only
monitors business SLOs.

2) It does not do effective on-demand resource alloca-
tion across tiers, because it uses static orchestration
rules and considering overall business service per-
formance but not tier-level performance.

3) It considers criticality of business service to complete
the job, but not the relative loads on the tiers.

4) It tends to magnify the negative impact on business
SLOs considering higher costs, longer times to com-
plete, and loss of credibility (goodwill) of the organi-
zation (due to delay in completing jobs because of
degraded performance of one or more tier(s) of the
business service).

An efficient and effective approach of IT resource alloca-
tion needs to be followed to achieve and maintain QoS of
business services [44]. Every tier of a business service has
unique IT resource requirements, and dissimilar load pro-
files. For instance, the business logic tier (application tier) in
the case of personal banking system may have massive load
spikes while executing monthly batch jobs, compared to a
more uniform load on the web tier (presentation tier), while
the database tier may have moderate load, which increases
only while changes are committed. Due to disparate work-
load profiles, each tier requires unique consideration while
assigning resources, to ensure that the business service
meets the SLOs without wasteful IT resource usage.

As illustrated in Fig. 2, the resource utilization and proc-
essing overhead are monitored through the monitoring

layer by the CLM. The default policies and custom resource
provisioning rules trigger the provisioning of additional
resources whenever the overall business service perfor-
mance (SLO) drops below some pre-set threshold. In the
conventional approach, the CLM triggers additional
resource provisioning across all tiers of the business service
to ensure the business service delivers as expected by the
business. Since the individual tier performance and
resource utilization are not monitored by the CLM, the asso-
ciated provisioning rules add resources across tiers from an
unutilized pool of resources (until this is exhausted), to
meet SLAs.

2.3 Traditional Resource Allocation Algorithm

The type of enterprise class business service we have
considered for the data analysis and to validate the T-
BICA approach is considered a highly critical business
service in the BFSI (banks, financial services, and insur-
ance) industry. Therefore, the workload (business ser-
vice) cannot be hosted in public cloud environments
(e.g., Amazon Web Services, Microsoft Azure) consider-
ing personally identifiable information (PII) and other
information security and data protection compliance
requirements of the industry, which is governed by laws
such as the Sarbanes-Oxley Act (SOX), Basel II, and rele-
vant provisions of the U.S. Patriot Act. Similarly, tier-
level resource allocation is already implemented in pub-
lic cloud environments using auto-scaling algorithms
(e.g., AWS and Azure) to provision resources automati-
cally as the resource utilization for respective tiers (i.e.,
virtual machines of some tier) go beyond certain levels.
However, the public cloud auto-scaling and on-demand
resource provisioning does not consider overall impact
on business when the performance (i.e., SLOs) of the
business service degrades. For example, even if all the
tiers of the business service are sufficiently provisioned,
the business service might not be able meet the perfor-
mance criteria set by CSCs (performance, response time,
etc.). Therefore, mere on-demand provisioning of resour-
ces (VMs, storage, network) to keep all tiers of the busi-
ness services well supplied does not guarantee that the
service meets desired standards and has no adverse
impact on the business. Likewise, a retail personal bank-
ing system cannot be hosted on a public cloud due to
data security laws, as well as the intrinsic approach of
public cloud providers of provisioning resources and
delivering only IT services rather than business services,
monitoring IT SLAs (resource utilization at VM level)
rather than monitoring the performance of the whole
business service, etc.

A major challenge with existing private cloud environ-
ments in large organizations is that they have two distinct
types of monitoring tools (layers) in place for their enter-
prise workloads, which do not work collaboratively without
active human intervention for decisions involving both. One
monitors IT services utilization (i.e., of vCPU/Core, RAM,
Storage, Network) to ensure that the hosted business appli-
cations are kept supplied by triggering on-demand auto-
provisioning of resources if the loads on the VMs go beyond
pre-set thresholds. The second type of tool, called business
performance management (BPM), checks the overall
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performance by monitoring across the tiers (web, applica-
tion, database) of the business service.

The BPMmonitors the overall performance of workloads,
and as it detects slow performance (by monitoring time to
complete each transaction, end-to-end), it triggers an “event
based alert” to activate on-demand provisioning of resour-
ces that is facilitated by the CLM (orchestration layer) to pro-
vision unit quantity of resources across tiers to improve
performance of the workload in a matter of minutes.

In Table 1, we indicate the mathematical notation and
terminology used in the algorithms and elsewhere.

For calculating the TCO of the system, there are fixed
costs, along with variable costs, for each tier t.

Algorithm 1. Static Resource Allocation Algorithm

1 hw x� zw;
2 ha y� za;
3 hd z� zd;
4 while job is running do
5 if fyw > tbs jj ya > tbs jj yd > tbsg then
6 if fhw þ zw � kw & ha þ za � ka & hd þ zd � kdg then
7 fhw; ha; hdg  allocateðw; a; dÞ
8 end
9 end
10 generate_statement();
11 end
12 if job successfully finished then
13 foreach tier t, t 2 fw; a; dgdo
14 deallocate additionally allocated resources;
15 end
16 end

Algorithm 1 summarizes the traditional resource alloca-
tion process followed in cloud environments. We consider a
personal banking business service to demonstrate batch job
execution in the cloud environment. As the load on the sys-
tem increases, the monitoring layer updates the CLM and
additional resources are provisioned across tiers to ensure
the business service meets the agreed-to SLAs until all avail-
able resources from the reserve pool are fully utilized by the

service. The TCO of business service comprises fixed cost
(CapEx) as well as variable cost (OpEx) for each tier t until
the job is completed.

Algorithm 2. Static Resource Allocation Function

1 Function allocate(w, a, d)
2 if fzw þ za þ zd � rg then
3 r r� fzw þ za þ zdg;
4 hw  hw þ zw;
5 ha  ha þ za;
6 hd  hd þ zd;
7 end
8 returnfhw; ha; hdg;

Algorithm 1 depicts stages of the business service
throughout the processing of the job (generation of personal
savings account statements), until it completes the jobs by
generating a pre-decided number of statements within a spe-
cific time-frame. The algorithm starts in the no-load state
where the batch process is not yet initiated by the business
logic (application tier), and overall load on the system is low.

The business service environment has some minimum
number of unit resources assigned to each tier when there is
no load on the system. We denote the initial allocation of
unit resources per tier as fx; y; zg which is defined as
fhw; ha; hdg. From line 4 until 11, the system goes through
massive workload processing stage while processing the
batch jobs (traversing through loops) until all the jobs are
processed (all the statements are generated) by the business
service. The if condition indicates that if any of the tiers has
a processing overhead more than a maximum threshold set,
a specific amount of IT resources (compute, storage, net-
work) are allocated to the business service through on-
demand resource provisioning by the CLM. The allocations
of the resources are facilitated by the allocate() method
(as depicted in Algorithm 2). The method validates the
available capacity in the resource pool by calculating the
total amount of resources required to provision across the
tiers of the business service in one iteration of resource pro-
visioning. The CLM provisions unit resources across tiers,

TABLE 1
Notation

Notation Description

w, a, d Tiers in a multi-tier business service – web, application, database
hw, ha, hd Allocated resource to each of the tiers
x, y, z Incremental allocation to each tier, x server(s) to web tier, y unit resources to application tier, z unit

resources to database tier
zw, za, zd Unit amount of resources for each tier
yw, ya, yd Current workload on each tier
tbs Business service threshold in traditional resource allocation
tw, ta, td Threshold for each tier of the business service in T-BICA
tmin Minimum tier threshold parameter for T-BICA
iw, ia, id Minimum number of resources each tier must have to meet SLO
kw, ka, kd Maximum number of resources each tier can have
allocate() Function which starts the allocation of resources in the traditional approach
tbica_allocate() Function which starts the allocation of resources in T-BICA
r Represents the capacity of resources stored in cloud resource pool
BC Represents the initial Basic Configuration state of the cloud system
BC + i Represents the ith state after the initial configuration
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which reduces the total available capacity of the free
resource pool by the total number of units provisioned.
However, it does not look at the current workload on indi-
vidual tiers while provisioning the resources from the pool,
resulting in under-utilized tiers also being provisioned
some resources, along with tiers that are heavy utilized.
This causes over-provisioning and wastage of resources,
and also tends to cause the resource pool to run out faster.
The business service health and SLO compliance are moni-
tored by the CLM with business analytics to ensure it has
enough resources to process the batch jobs. The CLM provi-
sions additional resources from the pool in successive itera-
tions each time the business service SLO breaches some set
maximum threshold, and goes on provisioning until the
SLO is within the threshold, or until all the available capac-
ity is exhausted (lines 1–8, Algorithm 2). The business ser-
vice performance and time to deliver the business results
suffer when it runs out of available capacity to provision
additional resources as the business service hits the maxi-
mum threshold tbs. In such situations, the performance of
the business service degrades until additional resources are
procured at premium cost. The degraded business service
executes jobs until all are completed successfully. Due to
over-provisioning and ineffective resource utilization, the
batch job processing may also go on for an extended period
of time, breaching business SLOs and negatively impacting
end user experience of using the banking services. When all
jobs are completed successfully, the CLM starts de-provi-
sioning all additionally allocated resources (while retaining
a minimum number units of the resources per tier) back to
the resource pool to use for other business service(s).

When we compare this traditional approach with other
resource allocation problems, such as fair division and
cake-cutting [45], [46], we can understand its limitations.
Considering each tier to be a distinct individual seeking
resources, static allocation is not Pareto efficient [47],
because it may be possible to improve outcomes for some
tier without making any other tier worse off.

Remark 2.1. Any static allocation approach, e.g., allocating
resources to tiers in fixed proportions though not in

identical quantities, is not Pareto optimal, and is hence
subject to Pareto improvement.

This is so, because in any static allocation approach, the
allocation of resources to various tiers is liable to be out of
sync with the actual utilizations of the tiers, thus making
some tier starve while some other has allocation in excess of
its needs.

The way around this is obviously to monitor each tier’s
allocation vis-�a-vis its needs, and make changes accordingly.
This is dealt with next.

3 IMPROVED APPROACH AND SOLUTION

The overall business service SLOs are limited by the per-
formance, uptime, and availability of the “weakest link”
of all the tiers of the business service. Therefore, monitor-
ing each tier of the business service ensures that the busi-
ness service meets (or exceeds) the agreed SLO (to deliver
business values and outcomes). Better performance and
response time improves the end user experience of using
the service(s), and secondarily helps improve the reputa-
tion and market share of the organization by delivering
high quality services. From a business point of view,
delivering quality services at an attractive price is critical
for the success and survival of the business function
and services.

3.1 Tier-Centric Business Impact and Cost Analysis

The T-BICA approach (see Fig. 3) ensures that the required
quantity of resources are allocated at each individual tier
of the business service by considering its processing over-
head, performance, uptime and availability to ensure that
the business SLO is met. T-BICA also de-provisions resour-
ces from tiers that are underutilized to repurpose these
resources for overloaded tier(s) of the business service.
Overall, T-BICA leverages existing monitoring, CLM (ana-
lytics and policies) to provision resources efficiently and
assist the CLM to utilize the available resource pool to
improve business service performance at justified cost.
Fig. 3 indicates the role of T-BICA in the business service.

Fig. 3. Tier-centric business impact and cost analysis in private cloud.
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We place T-BICA between the monitoring layer and the
analytics and policy-implementation system, to ensure all
data gathered by the monitoring layer are analyzed by T-
BICA before the analytics can deploy appropriate resource
provisioning policies. The tier-level data are passed
through the monitoring layer to T-BICA for analysis.

3.2 T-BICA Algorithm

The T-BICA algorithm (Algorithm 3) considers additional
attributes and variables to monitor individual tier perfor-
mance, and tier workload thresholds (tw, ta, td) for the busi-
ness service (notation used is given in Table 1).

Algorithm 3. T-BICA Algorithm

1 hw x� zw;
2 ha y� za;
3 hd z� zd;
4 while job is running do
5 if fyw > tw jj ya > ta jj yd > tdg then
6 foreach tier t, t 2 fw; a; dg do
7 if fyt > tt} then
8 tbica allocateðtÞ;
9 end
10 end
11 end
12 end

The algorithm starts with no load, i.e., an idle state on the
business service withminimum allocated resources (servers)
per tier until the business logic (application tier) triggers the
batch process and jobs are processed by the business service.
As the workload increases, the business logic and database
tiers have increasing processing overhead while the web tier
has minimum load throughout the batch process until all the
jobs are completed successfully. In conventional static
orchestrated resource provisioning environments (private
clouds), a CLM monitors the increase in load of the entire
business service, and starts provisioning additional resour-
ces across all tiers to keep business service SLOs under con-
trol. Unlike this traditional approach, T-BICA monitors the
performance and resource utilizations of each tier through
the monitoring layer, and activates the CLM to allocate addi-
tional resources in successive iterations (lines 4-12) to the tier
(s) of the business that experience massive loads and cross-
ing of their thresholds (by calling tbica_allocate()

method, Algorithm 4). T-BICA ensures tiers are allocated
additional resources to maintain the business service perfor-
mance and loads belowmaximum threshold at each individ-
ual tier until all jobs are completed. When the resource pool
is completely exhausted (without enough resources to allo-
cate to any tier), T-BICA considers individual tier resource
utilizations of all tiers of the business service (from line 6,
Algorithm 4), and starts de-provisioning of resources from
tiers that are underutilized. The free resources are then com-
mitted back to the free resource pool and then later provi-
sioned to the tier(s) experiencing high workload and
crossing individual tier maximum threshold. While de-pro-
visioning the resources from an under-utilized tier, T-BICA
ensures that the tier retains minimum capacity so that it
functions normally and stays below the preset maximum
processing load threshold.

Algorithm 4. T-BICA Allocation Function

1 Function tbica_allocate (t)
2 if fzt � r ht þ zt � ktg then
3 r r� zt;
4 ht  ht þ zt;
5 end
6 else
7 foreach tier t0, t0 2 fw; a; dg t0 6¼ t do
8 if fyt0 < tt0 ht0 > it0 g then
9 ht0  ht0 � zt0 ;
10 r rþ zt0 ;
11 r r� zt;
12 ht  ht þ zt;
13 break;
14 end
15 end
16 end
17 return

Consider the following to understand the unique proper-
ties of the T-BICA algorithm.

Remark 3.1. For a tier t in a multi-tier business service,
Algorithm 3 & Algorithm 4 allocate resources if r � zt
and ht þzt � kt.

Algorithm 3 checks all the tiers for their current work-
loads and compares these with their threshold limits. It
tries to allocate additional resources for the tier only if
the workload has exceeded the threshold limit. In that
case, tier t is passed to the tbica_allocate() function.
This assumes that the following conditions are satisfied
by the current scenario:

r � zt; (1)

ht þ zt � kt: (2)

This in turn means the pool has enough resources to sat-
isfy the need for the tier t given (1). Also, provisioning addi-
tional resources for tier t does not breach the limit of the per-
tier resource SLO given (2). Then the tbica_allocate()

function provisions a resource unit for tier t.
We can now see how the T-BICA allocation approach

works even when (1) is not satisfied.

Lemma 3.2. For a tier t in a multi-tier business service, where r
<zt, Algorithm 3 is still able to allocate a resource if there
exists a tier t0, t0 6¼ t where ht0> it0 and yt0 < tt0 .

Proof. We show that T-BICA is able to allocate resources
when Condition 1 does not hold. We have seen that
given a pool capacity greater than the unit resource
requirement of tier t, T-BICA allocates extra resources
for that tier. Now we consider the condition when the
current pool capacity is insufficient to meet the require-
ment of tier t.

In Algorithm 3, tier t is passed to the tbica_

allocate() function when there is a need to provision
an additional resource for t. First we check whether we
have resources in the pool to allocate, but for this case
the if condition fails at line 2. Then we look at some other
tier t0 in our business service. If the following conditions
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are satisfied, tbica_allocate() function provisions a
unit resource for tier t

t 2 fw; a; dg; t 6¼ t0; (3)

yt0 < tt0 ; ht0 > it0 : (4)

If (3) and (4) are satisfied, Algorithm 3 allocates one
unit resource for tier t even if (1) has not been satisfied. tu
Lemma 3.2 brings us to Theorem 3.3, where we show that

if the above conditions are not satisfied, it is not possible to
allocate resources for any tier of the business service.

Theorem 3.3. For tier t in a multi-tier business service,
Algorithm 3 is only able to allocate resource for the tier if
r � zt or r þ zt0 �zt for a tier tier t0, t0 6¼ t where ht0> it0
and yt0 < tt0 .

Proof.We start by assuming that Algorithm 3 has allocated
one unit resource for the tier t and none of the condi-
tions are satisfied. We look at (1) and try to analyze
whether Algorithm 3 provisioned one unit resource
from the pool or not. In order to allocate one unit
resource from the pool, the strength of the pool must be
at least equal to one unit server of tier t. But this sce-
nario would eventually satisfy (1) which is not true. So,
the additional unit resource could not have been
assigned from the resource pool.

Now we investigate whether the unit resource was de-
provisioned from some other tier and given to the tier t.
In order to do that, there must have been one tier other
than tier t for which the workload was below the mini-
mum threshold and current allocation is greater than the
minimum allocation limit. But that would satisfy (3)
and (4) which is not true. This means the unit resource
was not de-provisioned from any other existing tier and
assigned to the tier t.

Remark 3.1 and Lemma 3.2 show that the only way
T-BICA can allocate a unit resource for a tier t by satis-
fying either (1) or (3) and 4. This contradicts our initial
assumption that Algorithm 3 was able to allocate one
unit resource for tier t without satisfying any of the
given conditions. QED. tu

4 DATA ANALYSES & RESULTS

Environment. In this section, we describe experiments
and data analyses pertaining to a personal banking busi-
ness service in a private cloud environment to demystify
the shortcomings of the traditional approach of resource
allocation in a private cloud, and show how T-BICA
helps improve resource allocation for business service at
justified cost.

For the experimentation and data analysis, we have
taken a scaled-down version of an industry-grade three-
tier savings (retail) bank account management business
service. The experimental setup was hosted on a public
cloud (AWS EC2) with strict limits on the capacity of IT
resources (compute, storage and network). (Though an
enterprise personal banking application would not be
hosted on a public cloud in practice, we use one here for a
standard cost baseline, considering the variability and con-
fidentiality of private cloud costs. It is easy to see that T-
BICA is not dependent on particular cloud pricing struc-
tures, and will produce similar results given different cost
parameters for a private cloud.)

The cost per unit resource is calculated considering cur-
rent market rates [48] offered by the CSP for the pool of
resources (Table 2). The management (efforts and tool), and
support costs are derived from the premium enterprise cate-
gory of support pricing of the cloud provider.

The business service has three tiers—web (presentation),
application (business logic) and database. We have an initial
state of the system with bare minimum resources to host the
service functions called base configuration (BC) for each
tier. BC is a state when there is no processing overhead over
the service’s idle state.

Cloud resources. Table 3 shows the state BC of the business
service with individual server counts for each tier, along
with total compute (CPU, RAM), storage, and network allo-
cated. The table shows initial default workload at each tier
along with maximum load threshold. The BC state also
shows the minimum number of resources (servers) for each
tier required when there is no load, i.e., the idle state. For
our experiments, the free pool total capacity is shown in
Table 4.

The units of the respective resources in the environment
as well as in free pool are captured in discrete quantities
(e.g., CPU cores, RAM in GBs, secondary storage in GBs,
and network bandwidth in Gbps) to quantify the cost of
each unit of resource procured (subscribed) from the service
provider.

Workload. To generate a significant amount of data for the
analysis, we have simulated the generation of 10 million
savings account statements using the business service,
which are generated synthetically to compute the actual
load in the environment for the data analysis. In the BC con-
figuration, the business service takes 0.23 seconds to

TABLE 2
Cost of Cloud Resources Per Day (OpEx)

Tier Management
and Support

CPU
(cores)

RAM
(GB)

Storage
(GB)

Network
(Gbps)

Web $121.94 $1.44 $0.38 $0.003 $4.56
Application $146.22 $1.44 $0.38 $0.003 $4.56
Database $194.71 $1.44 $0.38 $0.003 $4.56

TABLE 3
BC State of Hardware and Load Thresholds

Tiers BC
State

CPU
(cores)

RAM
(GB)

Storage
(GB)

Network
(Gbps)

Default
Load

Maximum
Threshold

Web 3 12 64 500 3 13% 85%
App 3 24 128 800 3 17% 80%
DB 2 48 256 1,000 4 14% 75%

TABLE 4
Subscribed Resource Pool Capacity

CPU cores RAM Storage Network

28 448 GB 2,300 GB 10 Gbps
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generate one account statement, and therefore 26.62 days to
generate the 10 million account statements.

Constraints. As per standard BFSI regulations set by cen-
tral banks or similar fiscal authorities worldwide, all
account statements must be delivered to their respective
account holders within the first week of each quarter. There-
fore, we assume that our system must observe the regula-
tions and should deliver all the statements in less than
seven days. The expectations can only be met if the business
service performance is improved and it remains available
99.9 percent (or higher) to complete the jobs. The statement
generation is a batch process triggered by the business logic
(application tier) of the business service. The business logic
extracts the account data from the database tier and calcu-
lates applicable interest on the minimum monthly/quar-
terly balance of each savings account and computes the
total balance of the account. The final results are committed
back to each account record in the database. Therefore,
most of the processing is done at the application tier while
the database tier provides all the data (read) and commits
the updates (write) as the job is completed. Along with this,
the application tier generates individual account statements
and forwards them to an external dispatch system which
sends them to the respective account holders by e-mail or
snail mail, using contact information from their respective
accounts (read from the database tier). Throughout the pro-
cess, the web tier is mostly idle but experiences moderate
workload if any of the account statements are manually
requested through the web tier (by end users online, or
bank employees at bank/branch counters).

4.1 Traditional Resource Allocation Approach

In the traditional static resource allocation approach, new
resources are provisioned across tiers of the service when
one (or more) tier(s) is overloaded, as we have indicated in
Algorithm 1. This resource provisioning is performed by
the CLM and the data is given by the cloud monitoring layer
to the management layer. Once the CLM has been provided
with the current lower performance matrix through the
monitoring layer of the business service (due to overloaded
situation of one or more tiers, it triggers the on-demand
resource allocation process and starts allocating unit
resource to each tier in successive increments until business
service performance reaches acceptable levels, or until the
CLM consumes all resources from the free pool. Once the
allocation is complete, we call this a new state, transitioned
from the previous state. This chain of actions goes on until
the jobs are completed.

In Table 5, we show the load on each individual tier
before provisioning and after provisioning the resources
from the subscribed free resource pool. In Table 6, we show

the unutilized resources available after each state in the
resource pool in terms of CPU, RAM, Storage and Network.
In both these tables, we have shown data for all three
tiers—web, application and database.

Now, we demonstrate how resources are provisioned at
each state starting from BC, using the traditional static
resource allocation approach.

4.1.1 BC State

This is the initial state where no extra resources have been
provisioned by the CLM yet. The business service runs in
this state from the beginning and continues until significant
processing load is put on the business service. From Table 5,
we can see that the loads on all tiers are well below their
threshold limits. Therefore no additional resources are pro-
visioned. In Table 6, the available unutilized resources are
also same in the BC state. In the next state, i.e., BC þ 1, we
observe that the load on the application tier has gone up to
89 percent which is over the threshold for the tier, while for
the web and database tiers the resource utilization (process-
ing load) is well below their respective thresholds.

4.1.2 BC þ 1 State

At the end of BC state, the load on the application tier has
crossed the maximum threshold. As a result, the cloud man-
agement layer starts orchestrating resource provisioning for
all the three tiers. Unit resources fzw; za; zdg are added to all
the tiers from the pool. Table 5 shows that the load on the
application tier has gone below the threshold. The current
strength of resource pool after the allocation is shown in
Table 6. At the end of BC þ 1 state, Table 5 shows that the
load on the application tier has gone up to 86 percent which
leads to state BC þ 2.

4.1.3 BC þ 2 State

As the load on the application tier crosses the threshold at the
end of BC þ 1, the CLM triggers the resource provisioning
process, which brings us to the BC þ 2 state. In the BC þ 2
state, a unit resource for each tier is added from the pool. The
current capacity available in the pool at the end of BC þ 2
state is: fCPU;RAM;Storage;Networkg ¼ f18; 66; 436; 4g.

4.1.4 BC þ 3 State

From Table 5, we see that at the end of BC þ 2 state, the load
on the application tier goes up to 82 percent and crossed the
threshold. But Table 6 shows that we need 82 more CPU
units to provision additional unit resources for all tiers,
which we do not have. So in BC þ 3 state, we are unable to
provision any further resource from the resource pool, and
the business service is forced to continue with the currently
allocated resources to generate the rest of the account

TABLE 5
Pre and Post Load for Traditional Allocation

Load Load Load

State Web Pre Post App Pre Post DB Pre Post

BC 3 13% 13% 3 17% 17% 2 14% 14%
BC þ 1 3 þ 1 35% 29% 3 þ 1 89% 45% 2 þ 1 55% 49%
BC þ 2 3 þ 1 þ 1 29% 22% 3 þ 1 þ 1 86% 33% 2 þ 1 þ 1 49% 44%
BC þ 3 3 þ 1 þ 1 22% 22% 3 þ 1 þ 1 82% 82% 2 þ 1 þ 1 44% 44%

TABLE 6
Unutilized Resource in the Pool at Each State

State CPU Left RAM Left Storage Left Network Left

BC 84 100% 448 100% 2,300 100% 10 100%
BC þ 1 48 57% 257 57% 1,368 59% 7 70%
BC þ 2 18 21% 66 15% 436 19% 4 40%
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statements. Thus, from the BC þ 3 state and onwards, the
provisioned resources for all the tiers are the same as in the
BC þ 2 state.

Table 7 shows the time and cost associated with the job
being processed at each state from BC to BC þ 3. We see that
if we were to continue with the BC configuration, it would
have taken over 26 days to generate all the statements, in
clear of violation of the seven-day limit. After we have allo-
cated additional resources from the resource pool, at the BC
þ 3 state the duration reduced to 19.66 days, which still
exceeds the limit. Also, the total cost for the job reduced
only 42 percent from BC state to BC þ 3 state. It is evident
that this resource provisioning policy is unacceptable and
should not be adopted because of insignificant savings in
operational costs, and the likelihood of regulatory problems,
besides rifts with CSCs, on account of failure to meet SLOs.

Fig. 4 graphically shows the reduction in days and cost at
each state. First set of points is for the initial configuration
BC. In this state, the cost is highest which is $37,031.93 and
the number of days to be taken to generate all the statements
is 26.62 days. As we go through each state, the cost comes
down as well as the time duration. At the BC þ 3 state, the
cost remains constant—$21,329.33, as we are unable to pro-
vision more resources from the pool. Also, the time taken to
complete the jobs comes down to 19.66 days and there is no
further change for the subsequent states.

In Fig. 5, we show the savings in cost and number of days
for every state. At the BC state, there is no change or no sav-
ing in either cost or duration, so the value is 0. In BC þ 1
state, we have the maximum savings that is close to
$14,493.74, and the number of days reduced by 2.93. At BC
þ 2 state, the savings in terms of number of days is maxi-
mum which is 4.03, and cost saving is $1,208.56. But for the
subsequent states, there is no change in savings, due to the
exhausted resource pool.

Here we have analyzed the scenario of bank statement
generation problem with traditional resource allocation

approach. We have shown that due to over-provisioning of
the resources at each state accross tiers (irrespective of indi-
vidual tier resource utilization and processing load), the
pool gets exhausted very quickly. Hence, it becomes impos-
sible to complete the work within the seven-day limit. In the
next section, we analyze the T-BICA approach of resource
allocation in details using the same example we have used in
this section and demonstrate how T-BICA is able to complete
the work within seven-days by monitoring workloads at
each tier and allocating resources only to overloaded tier(s).

4.2 T-BICA Resource Allocation

In our proposed T-BICA approach shown in Algorithm 3,
the cloud management layer monitors the load on each tier
and individual tier-level performance. This results in ability
to allocate additional resources at individual tiers replacing
the traditional uniform resource allocation policy but ensur-
ing that business service SLOs are monitored. The CLM
function is similar to the traditional approach but the differ-
ence is in the resource allocation algorithm itself. The cloud
monitoring layer continues to check on each tier’s as well as
whole business service performance and sends the data
back to the CLM layer. When the load on a particular tier
exceeds its maximum threshold, only that tier gets addi-
tional resources allocated from the resource pool.

Table 8 shows the pre- and post-resource provisioning
loads starting from state BC. BC represents the initial configu-
ration of the cloud systemwithout any added hardware from
the resource pool. States BC þ 1 to BC þ 8 show the states
where extra resources have been added to only the applica-
tion tier instead of uniform allocation on all tiers. This is due
to the fact that only the workload on the application tier
exceeded the threshold limit. At the end of BC þ 8 state,
Table 9 shows that we have exhausted the resource pool. So,
T-BICAde-provisions a unit resource from theweb tiermain-
taining the minimum resource count for the respective tier,
and assigns the de-provisioned resource to the application
tier that ultimately brings down the load at the end of BCþ 8-
1 state. Then at BC þ 9-1 state, we see that we cannot de-pro-
vision anymore resources from the web tier and the database
tier as they have already reached their minimum unit
resource limits. So the system continues to run in its current
load and finishes generating the rest of the statements. We
saw in the example of traditional resource allocation
approach that we run out of free resources at the end of BCþ

TABLE 7
Time in Days and Cost in USD at Each State

(Traditional)

State Days Cost

BC 26.62 $37,031.93
BC þ 1 23.69 $22,537.89
BC þ 2 19.66 $21,329.33
BC þ 3 19.66 $21,329.33

Fig. 4. Reduction in days and cost of the task (traditional).

Fig. 5. Cost savings and reduction in days (traditional).
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2 state. Since the allocation policy does not allow de-provi-
sioning unit resources from existing tiers, we are not able to
add any more resource to the application tier. In the next
Table 9, we show the unutilized resources available at each
state starting from initial state to the final state of BCþ 9-1.

4.2.1 BC State

BC is the state when the business service is in the idle state,
with no batch job processing overhead. At the beginning of
the BC state, the web tier is assigned three unit resources, the
application tier is assigned three unit resources and the data-
base tier is assigned two unit resources. Since this is the
default configuration when the application is starting, it con-
tinues to run in this configuration until one of the tiers
reaches the threshold limit. FromTable 9, we see that the cur-
rent pool capacity is at 100 percent for all tiers. From Table 8,
we see that the load on the application tier reaches 89 per-
cent. Since the application tier has now exceeded the thresh-
old limit, the CLM orchestrates the resource allocation
process. This transitions the system into the BCþ 1 state.

4.2.2 BC þ 1 State

At the end of the BC state, we noticed that the load on the
application tier has exceeded the threshold limit for the
tier that resulted in allocating extra resource for the tier.
Unlike the traditional resource allocation approach where
the cloud management system would uniformly assign
unit resources to all the tiers, here only the application
tier is allocated an additional unit resource from the
resource pool, because it is the only tier whose workload
crossed the threshold. The fact to be noticed is that, at
end of the BC þ 1 state of the traditional resource alloca-
tion approach, the strength of the resource pool was:
fCPU;RAM;Storage;Networkg ¼ f48; 257; 1;368; 7g which
is much less than that of the BC þ 1 state in the case of
T-BICA. The BC þ 1 state continues until the load on the
application tier crosses the threshold limit again which is
to 86 percent. The cloud management layer again starts
allocating resource for the application tier and lead the
state of the system to BC þ 2.

We will skip over to the state BC þ 8-1 where the system
runs out of resources in the resource pool to allocate unit
resource for the application tier. This is where the unique
approach of T-BICA lies. In the traditional approach to

resource allocation, the system would abandon the alloca-
tion process as soon as the pool is exhausted, but T-BICA
considers deprovisioning other tiers whose workloads are
below their thresholds, and triggers de-provisioning of unit
resources from such tiers, while ensuring that the availabil-
ity of resources at those tiers does not go below their mini-
mum requirements. If it is feasible, then TBICA completes
the allocation process and moves on to the next system
state. We will be discussing the BC þ 8-1 state and BC þ 9-1
state in the following sections.

4.2.3 BC þ 8-1 State

At the end of BC þ 8 state, the load on the application tier
reaches 82 percent. This triggers the allocation process of
assigning additional resource to the application tier. But
the capacity of the resource pool does not permit further
allocation as shown in Table 9. To assign one additional
unit of resources for the application tier, we would need
an additional 94 GB of storage space which we do not
have. Now, the T-BICA checks the other tiers for their
current workloads and allocation states. Since the mini-
mum requirement of any tier is for two unit resources,
we cannot de-provision a unit resource from the database
tier. So we check the web tier where the load is 13 per-
cent. According to the Algorithm 3, T-BICA de-provisions
one or more unit resources from the web tier and adds
the same to the resource pool. So, the resource pool gets
an added zw amount of resources from the web tier. Now
the CLM is able to assign additional units of resource
to the application tier. From Table 8, we see that the load
on the application tier has gone up from 82 to 86 percent
while the system de-provisions one unit resource from
the web tier. Since the web tier has lost one unit resource,
the overall load at that tier goes up to 57 from 13 percent.
But the provisioning of one unit resource to the applica-
tion tier brings down the load at that tier and helps keep
the system in order in the next state, BC þ 9-1.

4.2.4 BC þ 9-1 State

We reach BC þ 9-1 state from the BC þ 8-1 state by allo-
cating additional resources to the application tier after de-
provisioning a unit resource from the web tier. This is the
final state for the business service as we are unable to
allocate further resources from the free pool. Also, the
database and web tiers now have minimum numbers of
unit resources needed to meet their objectives. Due to

TABLE 8
Pre and Post Load for T-BICA Allocation

Load Load Load

State Web Pre Post App Pre Post DB Pre Post

BC 3 13% 13% 3 17% 17% 2 14% 14%
BC þ 1 3 13% 13% 3 þ 1 89% 45% 2 55% 55%
BC þ 2 3 13% 13% 3 þ 2 86% 40% 2 55% 55%
BC þ 3 3 13% 13% 3 þ 3 81% 54% 2 55% 55%
BC þ 4 3 13% 13% 3 þ 4 92% 39% 2 55% 55%
BC þ 5 3 13% 13% 3 þ 5 87% 55% 2 55% 55%
BC þ 6 3 13% 13% 3 þ 6 88% 48% 2 55% 55%
BC þ 7 3 13% 13% 3 þ 7 97% 45% 2 55% 55%
BC þ 8 3 13% 13% 3 þ 8 82% 33% 2 55% 55%
BC þ 8-1 2 13% 57% 3 þ 8 82% 86% 2 55% 59%
BC þ 9-1 2 57% 57% 3 þ 9 86% 55% 2 59% 59%

TABLE 9
Unutilized Resource in the Pool at Each State

State CPU Left RAM Left Storage Left Network Left

BC 84 100% 448 100% 2,300 100% 10 100%
BC þ 1 76 90% 406 91% 2,034 88% 9 90%
BC þ 2 68 81% 364 81% 1,768 77% 8 80%
BC þ 3 60 71% 322 72% 1,502 65% 7 70%
BC þ 4 52 62% 280 63% 1,236 54% 6 60%
BC þ 5 44 52% 238 53% 970 42% 5 50%
BC þ 6 36 43% 196 44% 704 31% 4 40%
BC þ 7 28 33% 154 34% 438 19% 3 30%
BC þ 8 20 24% 112 25% 172 7% 2 20%
BC þ 8-1 24 29% 133 30% 338 15% 2 20%
BC þ 9-1 16 19% 91 20% 72 3% 1 10%
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this, T-BICA is not able to provision any more resources to
the business service even though the load on the applica-
tion tier has again exceeded the threshold limit. The sys-
tem continues with its present resource allocation until
the batch jobs are completed.

We have projected the time in days and the cost associ-
ated in USD in Table 10 for each state starting from state BC
till state BC þ 9-1. The data in the table helps visualize the
reduction in time as we keep provisioning resources for the
business service to help to meet the SLA.

In Table 10, we observe a steady decline in the pro-
jected time for generating all statements. In the begin-
ning, the initial projected job duration was 26.62 days,
which reduces significantly at subsequent state and is
finally reduced to 6.87 days in the BC þ 9-1 state. For the
static resource allocation approach, the time taken was
19.66 days. Since we presume a seven-day limit for gen-
erating all statements, the traditional approach leads to a
breach in the SLA between the CSC and CSP. However,
T-BICA successfully reduces the time to 6.87 days which
is acceptable. Other than job completion time, we have
been able to achieve greater savings on costs associated
with the resources. At the beginning, the estimated cost
was $21,542.79 with the BC configuration. At the end of
BC þ 9-1 state, the cost is reduced to $7,498.19. For the
traditional approach, the final cost was $21,329.44 which
is much higher (even without considering possible impli-
cations of the SLA breach) than the cost incurred by the
T-BICA approach of resource allocation.

In Fig. 6, we see the reduction of job completion times
(days), and cost (OpEx) savings at each state. At BC, the
time is 26.62 days and the cost is $21,542.79. After each state,
the projected time to complete the job comes down along
with the incurred cost. Ultimately, at the end of the state
BC þ 9-1, the final projected time comes down to 6.87 days
which is acceptable and the cost comes down to $7,498.19.
This shows major improvement from the traditional
approach of resource allocation. In Fig. 7, we show the cost
savings and the reduction in time to complete the task.

In Fig. 7, we show the savings of time and cost from ini-
tial state to final state. We notice that the savings are highest
at BC þ 3 state. Also, there is a drop in savings at the BC þ
8-1 state as we de-provisioned one unit resource from the
web tier. But at the end of BC þ 9-1, we were able to gain 1.6

days and saved approximately $1,500 over the BC þ 8-1
state. From BC þ 9-1 state and onwards, there are no
changes in the savings as we are not allocating any more
resources to the business service.

5 CONCLUSION

Using the example of an enterprise grade bank account
management system, we have been able to demonstrate the
differences between the traditional static resource allocation
approach in a modern private cloud environment, and our
simple but unique analytical T-BICA approach of resource
allocations at individual tiers of the business service—not
only considering the overall business service SLOs but also
the actual IT resource utilization at each tier. We have
shown that the traditional resource allocation approach is
costly and takes longer to finish critical jobs, since the CLM
allocates the required additional resources in a static man-
ner across all tiers without monitoring individual tier
resource utilization.

By contrast, T-BICA has the ability to monitor individ-
ual tier resource utilization and allocate resources to only
those tiers where the load has exceeded a threshold. Also,
in the static allocation approach, the allocation process
halts when the resource pool is completely exhausted
(which may happen after just a few iterations, because of
wasted allocations to under-loaded tiers). But in T-BICA, it
is possible utilize capacity in the resource pool better and
de-provision resources from under-utilized tiers to assign
them to over-loaded tiers of the business service. T-BICA
ensures the resource de-provisioning process does not

TABLE 10
Time in Days and Cost in USD at Each

State

State Days Cost

BC 26.62 $21,542.79
BC þ 1 24.75 $20,854.48
BC þ 2 22.03 $19,306.18
BC þ 3 17.18 $15,627.85
BC þ 4 13.92 $13,119.47
BC þ 5 12.38 $12,086.53
BC þ 6 10.77 $10,872.17
BC þ 7 9.81 $10,218.43
BC þ 8 8.14 $8,750.85
BC þ 8-1 8.46 $8979.08
BC þ 9-1 6.87 $7498.19

Fig. 6. Reduction in days and cost of the task (T-BICA).

Fig. 7. Savings in days and cost of the task (T-BICA).
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breach the minimum resources limits of any tier. In our
realistic experiment, T-BICA saved 65.19 percent in cloud
subscription (OpEx) costs and completed all the batch jobs
in 6.87 days, reducing the time to deliver by 74.18 percent.

T-BICA makes for justified, cost-effective, and efficient
resource allocation for all tiers of a multi-tier cloud-based
business service. A cloud provider that adopts the T-BICA
approach will find it easier to meet its SLOs, and avoid
breaching its SLAs, while reducing the OpEx of cloud sub-
scription for CSCs. T-BICA also helps cloud subscribers
reduce undetected server sprawl for enterprise business
services hosted in cloud environments by avoiding wasted
resource provisioning by a static orchestration process. It
thus also helps promote sustainability (by lowering
resource costs) and is a “green” approach in a significant
way.
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