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merge large scale data-centers with thousands of
interconnected loosely coupled servers and high network
bandwidth.

Abstract— Data-centers require huge amount of electricity to
continue meeting the computing demands of consumers each
year. Fossil fuel based electricity is utilized due to lack of
abundant renewable energy resources, resulting in the emission
of CO2 in atmosphere and causing global temperature hike. The
world is in dire need of efficient utilization of electricity. At the
same time, advent of cloud computing has brought the innovation
of everything as a service. This has led to proliferation of cloud
services in every computing field. It has increased the load on
cloud hosting data-centers, resulting in excessive use of
electricity. A cloud data-center can manage to save electricity by
reducing resource exploitation through either or both of the
efficient utilization based and thermal based scheduling and
monitoring. In this paper we take a peek into recently proposed
thermal aware scheduling and monitoring techniques to maintain
a cost effective Green Cloud Computing environment.

Of the Total Cost of Ownership (TCO) of a data-center, a
dominant part goes to electricity usage. According to past
survey [9, 10] it was estimated that the power usage by the
data-centers around the globe will be doubled or from year
2005 to year 2010. However in recent report [11], it is
observed that the total growth reached to only 36% than
hundred percent. Thus as a percentage of total electricity usage
in world, it remained between 1.1% and 1.5% till 2010 as
compared to 1% in 2005. The IT industry recognized standard
for calculating data-center Power Usage Efficiency (PUE) [12]
is the ratio of total energy usage of data-center and IT energy
consumption. In 2005 the PUE was 2.0 [9, 11] which has
dropped to 1.92 in 2010 [11]. But still the data-centers around
the globe spent 130 billion KWH for cooling from the total
271 billion KWH electricity usage in 2010[11]. Cooling cost is
the biggest contributor in raising the PUE since year 2000, it
contributed to half of the electricity consumption in datacenter[9]. However, lowering of PUE in year 2010 shows a
positive progress in reduction of cooling cost. Koomey et
al.[11] regards virtualization technology and the energy
efficient equipment and data-center design as the main reasons
for global energy efficiency in data-centers. In this paper we
classified various algorithms and techniques proposed in
recent past to improve the cooling overhead in data-centers.
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I.

INTRODUCTION

There is a huge economic potential in pay-as-you-go type
of rental and is one of the main reasons of rapid shift of
computing trends to Cloud Computing. A cloud user has to
pay nothing for maintenance and care of the computing
resources on cloud. It only takes a few mouse clicks for easy
online provisioning and management of virtual computing
assets on cloud. These benefits make the acquiring of even the
High Performance Computing (HPC) assets without investing
a penny in infrastructure and maintenance[1-3]. A user can
rent out any type and number of cloud services with pay-asyou-go rental [2, 4-6]. For example Oracle Cloud offers the
services such as Software as a Service, Platform as a Service,
Middleware as a Service, Database as a Service, Infrastructure
as a Service and even Cloud as a Service [1, 7, 8] to users that
acquire them and use them to fulfill their IT needs. While
Google has a whole set of GoogleApps [3] which are much
economical as compared to in-house hosting. Amazon EC2 [5]
is unique with its elasticity of computing resources according
to load and is billed accordingly.

II.

A typical data-center scenario[10] in research literature
consists of rows of racks containing IT equipment and the
Computer Room Air Conditioning (CRAC) units. The air
circulation and cooling unit mechanism is under the floor of
data-center and cold air is blown from perforated tiles on the
floor. The racks are placed on the raised floor in data-center.
The racks are arranged in such a way that the cold air is
sucked in from the front and hot air is blown out from the back
as shown in fig.1. The hot air is sucked by ceiling vents of
CRAC unit. The hot air is the result of running of IT
equipment such as blade servers and network equipment inside

The vast economic application of cloud has lured investors
to enter in cloud services rental business and to set up or
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air coming from floor tiles and the cold air reaching the server
inlets gets different. This is called heat-recirculation. This is a
typical challenge for supplying uniform temperature cold air
through-out the data-center.

the racks. Inside the CRAC unit, the hot air is blown through
cooling ducts containing chilled water which cools the air. The
cold air is again blown back to the data-center through the
floor tiles. The blade servers are arranged in the form of
groups called chassis. All the blades inside a chassis share a
single power source. Multiple chassis are integrated inside
each rack.
Data-centers use a significant amount of electricity for
cooling [10, 11] and it is a major reason of increasing the
PUE. The cooling cost can become equal or even dominate the
IT operations cost as in past [9, 11] and is certainly not
desirable for cloud venders and data-center owners. A typical
rack fully loaded with blade servers can consume up to 25 kW
of power which is sufficient for about 15 houses in USA [10].
These servers on the contrary are stuffed in a very confined
space. And there are multiple rows of racks inside data-center
hall to get the full benefit of free space available. Thus the
servers and other IT equipment such as network switches
create enormous amount of heat when turned on. The power
consumed by servers is converted into heat. CPU is the most
power consuming and most heat emitting component of
computer hardware. Each server needs to be operated in
vendor specified limits or thresholds such as environment
temperature and humidity. Energy efficient load balancing on
servers can effectively control temperature across data-center.
Our focus in this paper is to analyze different approaches
proposed for lowering the cooling cost in recent past and
identify the possibilities of energy efficient workload
scheduling. We remain to software based controls and
management.

Fig. 1. Typical data-center Hot Aisle / Cold Aisle layout. Source: CIT [13]

Modern day blade servers have thermal sensors inside to
monitor cold air inlet temperature and the internal temperature
of CPU for example. Thus the thermal status of every server
on premises can be monitored. The combined thermal status of
all the servers in data-center is called thermal map. For legacy
systems, multiple external thermal sensors are mounted on
racks at front and back of the racks. These sensors can be
monitored via Wireless Sensor Network (WSN). A thermal
map can provide excellent information for workload
scheduling, migration and management of cooling in a cloud
data-center. A scheduling technique that considers the thermal
conditions of data-center can be called a “Thermal aware
scheduling”. It includes the heat emission and recirculation
considerations. In this paper we examine various thermal
aware work load scheduling techniques proposed in literature
and analyze them with respect to cloud computing for the
implementation of Green Cloud Computing. These techniques
and algorithms can be classified as “reactive” or “proactive”.
In this paper we classify thermal-aware scheduling techniques.
This will be helpful for understanding the trade-offs of
implementing either of them in data-center. In our future
work, we shall test these techniques in our test bed and
propose a new technique.

Maintenance of temperature through air circulation is the
responsibility of Computer Room Air Conditioning (CRAC)
unit. The hot air from data-center is sucked in from the top vent
of CRAC unit and is passed through water chilled coils to cool
it. The water chiller is located outside the data-center[10]. The
cool air is then blown inside data-center through perforated
tiles. Each server has an air aisle in front called cold aisle to
suck in air from outside and blow it over its components to
keep them operational. As shown in fig.1, the cold air is
supplied to servers in racks from front via cold aisles. The
CRAC unit blows the cold air through perforated floor tiles on
the raised floor. The hot air is blown out through the rear
exhaust fan or hot aisle of the blade servers. The racks are
arranged in lines between the hot and cold aisles as shown in
fig 1.

III.

THERMAL-AWARE REACTIVE & PROACTIVE
SCHEDULING AND COOLING

A data-center management can be regarded as proactive if
it schedules and provisions the resources in anomaly
avoidance way. In this paper we remain to thermal anomalies
such as maximum inlet temperature violation and overcooling.
A proactive approach requires planning which includes
prediction and estimation. A prediction can be of thermal map
after a batch of jobs is scheduled and may require building of
thermal profiles of servers or racks. A thermal profile stores
the trend of temperature change within or at outlet air aisle of
the server with the change in workload. In this paper we focus
on CPU utilization as a measure of workload. Thermal profiles
of unique tasks such as benchmarks and software applications
can also be created. The thermal profiles help in deciding

As the server load increases in terms of CPU utilization, it
consumes more electricity and its temperature rises. The
temperature of hot air coming from hot aisle of the server rises
up. Therefore it might require more cold air to keep the
temperature in desired range. Otherwise some jobs can be
migrated from that server to reduce the workload and thus to
reduce the power consumption and heat emission.
Thus the workload scheduling for each server can be done
by considering the thermal state of that server. In cloud datacenter architecture as shown in fig.1, there is a possibility of
hot air getting mixed with cold air because both of these are
blown in the data-center environment. The temperature of cold
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about distribution of jobs across data-center. Other techniques
can help in predicting a thermal map. Such techniques can be
neural networks[14], machine learning[15] and as simple as
moving average[15]. The efficiency of proactive approach
depends upon the prediction methods which have their
limitations[15].

CRAC unit. But they have not specified how they chose the
external sensor.
Another work by M. Marwah et al. [15] of HP labs is
testing of various predictive methods based on simple
threshold, moving average, weighted moving average and
machine learning naïve Bayesian classifier. We comment that
this [15] approach can be used to identify a CRAC controller
external sensor of [19]. The classifier of [15] should have been
tested for multiple sensors for thermal anomaly prediction and
the sensor giving best accurate prediction should be used for
DSC controller of [19].

A reactive approach takes steps after an anomaly has
occurred. It is the management without planning. A reactive
approach does not require prediction and estimation. Neither is
it required to maintain thermal profiles. It performs remedy
measures after the happening of an anomaly. For example
after the inlet temperature of a server has exceeded the
maximum threshold. A reactive approach can thus lead to
disaster such as equipment failure due to overheating. But a
reactive approach is faster than proactive approach. It
monitors the real time environment. A proactive approach
requires a training phase or a learning phase and is therefore
slow to implement in start. A reactive approach can perform
well where the jobs show unstable behavior with respect to
resource utilization or where the jobs show seldom deviation
from a static behavior. In the latter case the reactive approach
will manage to stabilize the data-center after a few steps
depending upon the static utilization of resources by the jobs
being executed. [16].

A set of proactive thermal aware workload scheduling
algorithms were given in [20]. These algorithms are based on
the phenomena of power budget distribution among servers on
the basis of minimizing resulting heat re-circulation at that
power usage. They created thermal profiles of group of servers
called pods. These profiles are helpful in decision making for
power budget allocation. They have quantified the heat
generated and heat recirculation for each pod. Each pod is
allocated power budget based upon its contribution to total
heat recirculation in data-center. However these profiles were
made by turning on only one pod at one time throughout an
idle data-center rather than in a data-center that is being
utilized.

HP laboratories [17, 18] have done implementation work
on improving data-center cooling management and thermal
aware workload placement. Workload prediction is done
periodically for multi-tiered web application based on the
knowledge of resource utilization at each tier of application in
[17] while in [18] the execution time of all job is already
known. Both [17] and [18] place workload on the basis of how
efficiently each server is cooled. The scheduler checks LWPI
[17, 18] ranking which is the index of how efficiently a server
is cooled, before allocating workload. A low LWPI value
means the server is not being cooled efficiently. VMs are
migrated away from servers with low LWPI value[17].
Whereas in [18] the longest jobs are scheduled on coolest
servers. Idle servers are turned off and cooling is shut
down[17, 18] from the nearby CRAC unit. Both [17] and [18]
require prediction based or test-run based knowledge of job
execution statistics. Without the prior knowledge of arriving
work load, these two approaches will just be scheduling
workload on the basis of thermal ranking of servers in datacenter. Therefore we conclude that the scheduling for
workload is proactive and cooling is reactive in both [17] and
[18].

The writers in [21-24] created few thermal aware proactive
scheduling techniques to distribute power and workload based
upon the thermal states and heat recirculation. Writers have
quantified heat from law of energy conservation and captured
the heat recirculation in matrix form for the entire data-center.
The power consumed by a server is turned into heat which can
be calculated through known temperatures of inlet and outlet
air of server and the thermodynamic constants. By knowing or
keeping constant two of the power, the cold air coming in and
the hot air going out, experiments have been done for energy
efficiency in [21-24] and proactively workload allocation.
Algorithms in [21] are the discrete forms of baseline
algorithms of [20] The authors in [23] suggested a genetic
algorithm for proactive scheduling with the fitness function to
minimize the peak inlet temperature of the servers due to heat
recirculation. They have however not specified that the genetic
algorithm considers the thermal profiles as in [22] or it
requires CFD simulation to evaluate each of the candidate
solutions.
Tang et al. in [24] projected the problem of minimizing
heat recirculation as a minmax problem. They have proposed a
proactive thermal aware scheduling with the consideration of
minimizing the maximum inlet temperature of servers. This is
the same idea proposed by [25] to alter the thermostat setpoint higher inorder to save cooling energy. This is a proactive
approach which keeps the supplied temperature within
maximum threshold and yet raises the CRAC unit’s thermostat
set-point. But the thermostat settings are to be updated for
each job placement. This requires a programmable thermostat.
Another notable thing is that the CRAC unit takes some time
to change the mode and therefore job scheduling and

In other case the cooling can be increased for such servers
through DSC[19] when the scheduler puts maximum workload
on minimum servers through a genetic algorithm. Dynamic
Smart Cooling (DSC) [19] technique is a reactive cooling
technique that dynamically increase or decrease the cooling
according to temperature of servers within the thermal zone of
each CRAC unit. One of the thermal sensors is chosen as the
respective CRAC unit controller from each zone. This avoids
over cooling because DSC is implemented zone wise per
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execution will be strained. And frequent mode changing will
affect the CRAC unit service life. This is different from DSC
[19] in which each CRAC unit is associated with a thermal
zone but in [25] the writers have not considered this.

dimensions. But the writers did not mention how they will
predict the behavior of VMs that they create dynamically to
avoid a hotspot after a VM is provisioned.
A proactive cooling technique was proposed in [16]. The
authors tried to manipulate the CRAC unit compressor cycles
and fan blow rate to proactively manage cooling system to
match the thermal trend of benchmark programs. They
compared reactive and proactive cooling and found that
proactive cooling with multiple fans will be energy efficient.
But the proactive technique requires thermal signatures of the
application prior to proactively control cooling.

The writers in [14] have suggested to use neural networks
and artificial intelligence to predict the thermal map. They
have not given any test results. However this approach can be
compared to fast thermal evaluation method of [22] and the
machine learning prediction method of naïve Bayesian
classifier[15].
A proactive approach by Banerjee et. al [25] considers to
update thermostat settings of CRAC unit to supply the cold air
at maximum temperature. This is done by not violating the
redline temperature for the servers given the power
distribution vector and heat recirculation matrix. This can be a
good power saving algorithm but it requires a programmable
thermostat, further in a data-center with number of parallel
running jobs with variable ending time, it seems hard to
implement such a technique to dynamically update thermostat
setting without delaying job ending time and break-up of
thermostat. Also the new thermostat settings require the power
distribution across data-center. The writers have calculated the
power required from the estimated run-time of the jobs
considering the jobs to be CPU intensive. Where as in real
time, the jobs may not be CPU intensive.

IV.

CONCLUSION

During our review we came across various techniques for
data-center cooling and scheduling for cost efficiency.
Classification of these approaches is the first step. These
techniques can be updated to include virtualization and can be
applied to cloud computing. In our future work, we shall
provide in-depth review of these techniques and include topics
such as thermal map generation techniques, heat quantification
approaches and heat recirculation management. We shall
present our work with practical implementation on cloud
computing.
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