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Abstract—Data centers contain IT, power and cooling infras-
tructures, each of which is typically managed independently. In this
paper;, we propose a holistic approach that couples the management
of IT, power and cooling infrastructures to improve the efficiency
of data center operations. Our approach considers application per-
formance management, dynamic workload migration/consolidation,
and power and cooling control to ‘right-provision” computing,
power and cooling resources for a given workload. We have
implemented a prototype of this for virtualized environments
and conducted experiments in a production data center. Our
experimental results demonstrate that the integrated solution is
practical and can reduce energy consumption of servers by 35%
and cooling by 15%, without degrading application performance.

I. INTRODUCTION

Data centers are proliferating worldwide as a result of the de-
mand for IT services. We have previously reported a breakdown
of the costs involved in building and operating data centers [1].
In this work, we found that the power required to run the IT
equipment and cooling equipment in a data center is a significant
portion of the variable costs of operation. As such, the reduction
of power consumption is of critical concern to data center owners
and operators.

Traditionally, the management of data centers has been divided
into separate practices. IT professionals manage the IT gear, and
other mechanical trades manage the data center facilities, i. e., the
power, cooling and building infrastructures. Ideally, the cooling
and power resources would be allocated dynamically according
to the needs of the IT equipment, but the information needed to
do this is usually unavailable. As a result, the typical practice in
facilities management is to over-provision power and cooling to
ensure that all IT equipment is adequately powered and cooled
in all circumstances.

The discrete management of those “silos” results in ineffi-
ciencies, and the cost of these inefficiencies will increase in the
future. By 2012, the EPA [2] predicts energy consumption in
data centers will double from 2007 levels. Energy prices are
also increasing, and the rate of increase is expected to rise due
to regulatory and social concerns over green house gas emissions
from energy production.

Significant cost savings are possible if these distinct silos
of IT, power and cooling are managed in concert. But energy
efficiency is for naught if the data center cannot deliver its IT
services according to predefined SLA or QoS goals. Failures
to meet SLAs can result in substantial business revenue loss.
Amazon found that every additional 100 ms of latency cost them
1% loss in sales, and Google observed that an extra 0.5s in
search page generation time reduced traffic by 20% [3]. It is
important to allocate IT resources dynamically to meet SLAs to
respond to changing workloads.

From a cooling perspective, a data center is a dynamic thermal
environment (Figure 1). Typically, there are significant non-
uniformities due to variations in airflow, physical placement
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Fig. 1: Cooling efficiency overview of a data center.
of IT equipment and the placement of workload within the
IT equipment [4], [5]. As a result, some locations in a data
center (e.g., Rack 34 in Figure 1) are much more efficiently
cooled than others (e. g., Rack 10). A significant opportunity for
energy savings lies in the integrated control and placement of
IT workloads within the physical facility according to cooling
efficiency. Placing or moving workloads into proper locations
can make the cooling infrastructure operate more efficiently and
hence can result in substantial reduction in cooling power.

Recent research has focused on improving both SLA manage-
ment and data center energy efficiency, mostly with respect to
resource allocation [6], [7], capacity planning and workload man-
agement [8], [9], power [10], [11] and thermal management [5],
[12]. However, most published research focuses on managing
performance, IT resources, workload, power and cooling in
isolated ways. Approaches that are not holistic, particularly those
that do not consider the interactions between IT resources and
cooling facilities, may indeed meet SLAs, but will not realize
the energy savings of a cooling efficiency-aware approach.

In this paper, we propose an integrated solution that couples
the management of IT resources and cooling infrastructure to
improve the overall efficiency of data center operations. Our
solution considers interactions between dynamic resource alloca-
tion, workload placement and cooling control. By properly pro-
visioning computing, power and cooling resources, our solution
can meet application-level performance goals while dramatically
reducing the energy consumption of both the IT and cooling
systems.

We have implemented a prototype of this integrated data
center management solution and validated our solution through
experiments in a production data center. Experimental results
show that our solution is able to maintain performance goals
while reducing energy consumption by more than 35% for IT
infrastructure and 15% for cooling infrastructure.
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A. Background

A data center is a complex system consisting of building,
power and cooling infrastructure, and IT equipment and appli-
cations.

We use the term IT to refer to IT equipment and applications
and services running in a data center. In this paper, we consider
an environment where multiple applications are hosted within
a common pool of virtualized servers. Applications consist of
one or more interacting components, each running within its
own virtual machine (VM). The resources of a physical server
(node) is shared by the hosted VMs, including CPU capacity,
disk access and network I/O bandwidth. Resources are allocated
at run time through a per-node VM monitor or hypervisor
(e.g., Xen CPU scheduler [13]). Each application is assumed
to have an application-level performance target or resource-level
utilization threshold. The goal of SLA management is to meet
the target through dynamic resource allocation while minimizing
the over-provisioning of resources.

The term facilities refers to all components (e.g., power or
cooling equipment) that are not directly involved in providing
IT services. One function of data center facilities is to remove
heat generated by the IT equipment. Computer Room Air Condi-
tioners (CRACs) perform this action. The speed of the blowers
within each CRAC can be varied as can the set point for the
supply air temperature (SAT). The goal of cooling management
is to reduce energy consumption required for cooling the data
center while maintaining its own QoS guarantees, typically stated
as server or blade inlet temperature set points.

B. Overview of Our Approach

The architecture shown in Figure 2 consists of a set of
controllers, sensors and actuators on both IT and cooling
equipment. IT management includes application, node and
pod controllers. Application controllers and node controllers
continually adjust resource allocations among individual
workloads on a shared server in response to dynamically
changing workloads. A pod controller dynamically migrates
workloads as necessary to avoid nodes where aggregate resource
demand exceeds available capacity, while simultaneously
consolidating workloads to fewer nodes and opportunistically
powering down unused nodes to save power and cooling costs.
The set of powered nodes are chosen based on their cooling
efficiencies, i.e., how efficiently they can be cooled.

Cooling management includes our zonal cooling controller,
Dynamic Smart Cooling (DSC) [12]. DSC adjusts the blower
speed and the SAT set points of the CRACs based on data from

temperature sensors that measure the inlet temperature of IT
equipment. This allows DSC to supply the requisite cooling to
the IT equipment without over-cooling the room.

IT and cooling management are integrated through Daffy.
Daffy uses a data model to link information in the thermal model
such as sensor readings with information in the IT model such
as node location. It further automatically collects IT and facility
data (e. g., LWPI, which is defined in Section II-D1) and delivers
it to controllers at run time. The pod controller uses LWPI values
in its workload placement decisions to account for differences
in thermal efficiency within the data center. Daffy also updates
DSC with the server state information (e. g., server power status),
which is received from the pod controllers. DSC then adjusts
the CRACs accordingly to react to the changes in IT workload
demand.

All control—including dynamic resource allocation, workload
migration and dynamic cooling—occurs automatically according
to real-time measurements of performance, resource consump-
tion, and thermal conditions within the data center and is
governed by a set of policy settings. We discuss each of the
management modules and integrations in detail next.

C. Integrated IT Management

1) Application Controller: Each application controller con-
trols a single application composed of one or more application
components, with each component hosted inside a VM. The
policy associated with an application controller includes the
response time target, control interval, utilization thresholds, etc.
The application controller periodically generates appropriate
utilization targets for the corresponding VMs to ensure that the
application’s performance goals are met. For that, it estimates
utilization targets based on a performance model. We next outline
the performance model used to derive utilization targets from
application response time targets for multi-tier applications in
virtualized environments.

In this work, we focus on CPU resources, since CPU-intensive
business logic processing in multi-tier applications is often the
bottleneck. In the following discussion, we assume that CPU is
the single bottleneck resource; that CPU is the only resource
to be dynamically allocated among VMs; and that non-CPU
resources are adequately provisioned and the effect of contention
for these resources on response time (i.e., queuing delay) is
negligible.

Assuming that a Poisson process is a good approximation of
request arrivals, we model each CPU as an M/G/1/PS queue. In
accordance with queuing theory, the CPU resident time of all
requests served in a tier is represented by u/(1 — u). The total
CPU resident time across all tiers, then, can be described as in
Equation 1 where M is the number of tiers, u,, is the CPU
utilization of the VM at tier m and A is the request rate.
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Multi-tier applications typically support a number of trans-
action types (e. g., login, browse, check-out). Let v, represent
service time of a transaction type n on all non-CPU resources
on the execution path of that transaction type. Then the mean
resident time on non-CPU resources can be approximated by
the weighted sum of each transaction type’s service time as in
Equation 2 where N is the number of transaction types and A,
is the request rate of transaction type n. The aggregate request
rate \ equals to Zle An-
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ay, can be estimated through linear regression using Equa-
tion 2 over multiple measurement intervals as introduced in [14].
Combining Equations 1 and 2, the mean response time can be

represented as follows.
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Transforming Equation 3, the utilization targets u'¢f(m =
1,...,M) for each tier can be derived for a given response
time target r..;. We assume that the utilization targets of all
the tiers are the same. Note that this does not imply resource
allocations are the same across tiers, because the resource
requests of different tiers can be significantly different. This
allows Equation 3 to be solved directly to obtain the utilization
target for each tier as follows:

Tref)\ - 27]:[:1 an)\n
M+ rpeph — 25:1 apAn

Once an application controller determines the individual uti-
lization targets for each of the component VMs, it sends the
targets to the node controllers managing the corresponding VMs.
The node controllers then allocate resources accordingly.

2) Node Controller: Each node is associated with a node
controller. Its role is to maintain the utilization targets for all
hosted VMs by dynamically adjusting their resource allocation.
We define the utilization of a VM as the ratio between its
resource consumption and its resource allocation. For example,
if the measured average CPU consumption of a VM is 60
CPU shares in a control interval, and the specified utilization
target is 75%, then the utilization controller will drive the CPU
allocation for the VM towards 80 CPU shares in subsequent
control intervals. A node controller consists of a set of utilization
controllers (one for each individual VM) and one arbiter. The
utilization controller collects the average resource consumption
of each VM from sensors and determines the required resource
allocation to the VM such that a specified utilization target can
be achieved. For a given consumption, a change in allocation
leads to the change in utilization. Using utilization instead of
allocation targets decouples an application controller from the
underlying physical resource allocation details.

All utilization controllers feed the desired resource alloca-
tions (referred to as requests) to the arbiter controller, which
determines the set of actual resource allocations (referred to
as allocations). If the sum of all requests is less than the
node’s capacity, then all the requests are granted. Additionally,
excess capacity is distributed among the VMs in proportion to
their individual requests. However, if the sum of all requests
exceeds the node’s capacity, the arbiter performs service-level
differentiation based on workload priorities as defined in per-
service policies set by data center operators. In our current
implementation, a workload with a higher priority level always
has its request satisfied before a workload with lower priority.

3) Pod Controller: Data centers are rarely a homogeneous set
of servers that are completely fungible. Networking limitations
may require that networks be divided into sub-networks. Per-
formance limits may dictate that storage systems be partitioned
between groups of servers. We call any homogeneous collection
of servers a pod and dedicate a controller to it. Up to several
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hundreds of nodes and a few thousands of VMs may comprise a
pod. A data center may have multiple pods, and hence multiple
pod controllers.

A pod controller dynamically arranges VM workloads within
its pod based on resource requests (e.g., CPU, LAN, SAN and
memory needs) of the node controllers associated with servers
in the pod. Changes are made via VM live migration. Candidate
arrangements are generated and evaluated by a genetic algorithm.
The objective function used is designed to consolidate the
workload onto the fewest number of nodes possible that can be
most efficiently cooled and that have the best average utilization.
Penalties are assessed for arrangements that include overloaded
nodes, that require a large number of migrations to achieve,
that use nodes to be avoided as per policy, and that use nodes
that cannot be efficiently cooled. The terms of the objective
function are weighted to achieve a balance between potentially
performance-disrupting migrations, consolidation and relocation
objectives, and the movement of workload to more efficiently
cooled areas of the data center. Per-VM migration penalties can
be added to minimize movement of performance sensitive VMs.
The pod controller evaluates and possibly makes changes to
arrangements every 60 s in the experiments described herein.

The pod controller also opportunistically shuts down servers
that are not used or less efficiently cooled to save power. Node
power control and the integration of cooling management is
discussed in section II-D3.

D. Integrated Data Center Management

1) Cooling Management: A traditional CRAC unit in a data
center is controlled via the return air temperature. IT equip-
ment inlet temperatures are not measured directly and cannot
be assured. Cooling resources, therefore, are typically over-
provisioned to insure that inlet temperature requirements are met.
Dynamic Smart Cooling (DSC), by contrast, utilizes data from
either a distributed temperature sensor network placed near the
inlets of racks that house IT equipment or from IT equipment
directly. The data is used to determine the thermal zones of each
CRAC and then to provide proper cooling to each zone [12]. In
this manner, cooling resources can be correctly provisioned in
real-time according to IT equipment needs. This has the benefit
of reducing energy consumption, improving effective cooling
capacity and improving IT equipment reliability.

2) Local Workload Placement Index: To determine areas of
efficient cooling, we use the Local Workload Placement Index
(LWPI), first introduced in Cool Job Allocation (CJA), with a
modified formulation. LWPI is a measure of how efficiently a
location in the data center can be cooled [15]. LWPI is the sum
of three components, has units of temperature, and is described
in Equation 5.

LWPI,o¢e = (Thermal Management Margin)ode
+ (AC Margin)node
— (Hot Air Recirculation)pode 5)

The first term in Equation 5 is the Thermal Management
Margin at a compute node. This is the difference between a
node’s inlet air temperature and its specified set point, which is
usually given by the manufacturer as a maximum recommended
temperature, less some margin.

The second term is Air Conditioning (AC) Margin. AC Margin
is the sum over all CRACS of the difference between the CRACs
current supply air temperature and their minimum possible set
point, weighted by the degree to which the particular CRAC can



actually supply cold air to the node and influence its inlet air
temperature [12].

The final component is Hot Air Recirculation which quantifies
the amount of hot air recirculation at the node and is the
difference between the node’s inlet air temperature and the
temperature of the air supplied through vent tiles in close
proximity to the node.

Higher LWPI values indicate higher thermal efficiency. LWPI
is only well-defined at thermal sensor locations near the inlets
of compute nodes. Temperature measurements can be obtained
through an external sensor network or from inlet air tempera-
ture sensors incorporated into recent server hardware. LWPI is
computed directly for nodes with sensors. Linear interpolation
is used for other nodes. The pod controller uses LWPI to choose
the best location to place the different workloads.

3) Integration of IT and Cooling Management: The integra-
tion of IT and cooling management is through Daffy, which uses
a hybrid physical-logical data model that relates facility domain
objects to IT domain objects. From the facility domain, Daffy
includes the location, name, make-and-model of CRACs, PDUs
and racks, as well as facilities-level sensing capabilities such
as DSC thermal sensors and CRAC operating points. Most of
these objects are represented as volumes in three-dimensional
geometry. From the IT domain, Daffy includes the location,
name, make-and-model, and ownership (among other attributes)
of IT equipment in the data center.

This data model allows locating IT equipment relative to
the facilities infrastructure, in particular to cooling resources.
For example, to return the LWPI value for a given IT node,
it is necessary to locate the node in the data center and to
obtain relevant temperature measurements. The latter requires
knowledge of the IT device model (to determine if there is an
inlet air temperature sensor) and the relative location of sensors
in the sensor network (if there is not).

Daffy automatically collects and delivers thermal metrics such
as LWPI values to the pod controller, which uses the LWPI
values in its workload placement decisions. As workload is
consolidated, the pod controller selects idle nodes to power off.
Given the movement of workload to more efficiently cooled
areas, the least efficiently cooled nodes as determined by LWPI
are powered down first. As workload increases, the LWPI values
associated with powered down nodes are used to determine the
order in which nodes are powered up.

Once the pod controller consolidates workloads and turns off
idle servers, the information is sent to Daffy and Dafty interacts
with DSC to adjust cooling resources according to predefined
policies. For example, if servers in a rack are shutdown, the
inlet air temperature of the rack can be raised. Daffy locates the
corresponding temperature sensors associated with the servers
and changes their settings in DSC. In response to this change,
DSC reduces the corresponding CRAC outputs to save energy.

E. Communication between Controllers

We implemented a prototype of our solution running in a
Xen 3.2 environment. We have a per node sensor that provides
resource consumption and a per application sensor that collects
response times. We assume a fixed set of applications. Future
work will support dynamic service joining/leaving. Messages
between controllers are exchanged based on the asynchronous
message queue protocol (AMQP), which allows highly efficient
communication between loosely connected components. For

example, application controllers don’t necessarily know on
which nodes VMs are hosted and thus which node controllers
they need to talk to. The number of messages an application
controller sends is linear with the number of application
components. Each node controller sends and receives messages
in proportion to the number of VMs running on the node. The
number of messages the pod controller receives is linear with
the total number of VMs in the pod. Typically, a pod comprises
up to a few hundred of nodes and a few thousands of VMs.

FE. Discussion and Clarification

While the pod controller does consider memory, LAN and
SAN in its decisions, the performance model was limited to a
single bottleneck resource. Including non-cpu resources is under
investigation. The use of a simpler queueing performance model
is motivated by its robustness and ease of acquiring transaction
type information in production systems. Prior work [16], [14]
shows that this model works well, and measured response time
prediction errors were less than 15% in our experiments. We
are working to enhance our model based on the advanced
model proposed in [16], [17]. Further, feedback control is
feasible. Use of feedback control versus predictive control makes
stability versus reaction time tradeoffs. Prior work has addressed
combining feedback to compensate for modeling errors [18].
Finding appropriate workloads to test the combination with
energy management will be part of our future work.

III. EVALUATION

We designed and conducted a set of experiments to evaluate
the application performance, resources required, and power used
by both computing and cooling equipment. In this section,
we compare our solution with non-integrated approaches and
demonstrate that the integrated approach significantly reduces
resource and power consumption without degrading application
performance.

A. Testbed

Our experiments were conducted in a data center located at HP
in Palo Alto, California. Figure 1 shows the layout of this data
center. The IT equipment includes servers, networking switches
and storage equipment and is organized as ten rows of racks in
a standard “hot-aisle-cold-aisle” configuration. Six CRAC units
cool the room. Five sensors on each rack measure the inlet air
temperatures of the contained equipment in real time. DSC [12]
controls the CRACs based on these measurements. The servers
used in these experiments are located in top half of Rack 10 and
the bottom half of Rack 34. We have determined empirically
that Rack 10 is cooled mainly by CRAC 3 and CRAC 4 and
that Rack 34 is primarily cooled by CRAC 1. We observed that
the middle of Rack 10 had lower LWPI values relative to the rest
of the rack. This is a result of a network switch in the middle of
the rack that exhausts hot air in proximity to the inlets of some
servers. Though undesirable, this is a common occurrence in
data centers, as it facilitates cable routing. We observed that the
bottom of Rack 34 had fairly high LWPI values in general. This
is due to ease of cooling locations that are in close proximity to
floor vent tiles.

Our experiment utilized 20 nodes to host 35 VMs. Among
these 20 nodes, there were nine nodes with two Intel Pentium
D 3.2GHz CPUs and 11 nodes with two Intel Xeon 3.6 GHz
CPUs. All nodes ran SLES 10 SP2 Linux with a Xen 3.2 kernel.
Inside the management domain (Domain-0) of each physical



node, a node agent exposed an interface for monitoring the
node and its VMs and for allocating resources to the VMs. The
Xen Credit Scheduler was used and made adjustment of run-
time CPU shares for VMs. The node controllers ran inside the
management domains, while the application and pod controllers,
Daffy and DSC ran on nodes other than these twenty.

We define CPU capacity, requests and allocations in units of
CPU shares. A CPU share denotes one percentage of utilization
of a processor with a clock rate of 1 GHz. A scale factor adjusts
for the capacity between nodes with different processor speeds
or architectures. In our testbed, the 3.6 GHz CPUs were assigned
360 shares and the 3.2 GHz CPUs were assigned 320 shares. We
note that such factors are only approximate; the calculation of
more precise scale factors is beyond the scope of this paper.

There were two types of applications in our testbed: 3-tier
applications and computational workloads. The 3-tier application
was a modified version of RUBIS [19]. RUBIS is an on-line
auction benchmark comprised of a front-end Apache Web server,
a JBoss application server, and a back-end MySQL database
server. Each application component ran inside one VM. To
emulate a real application with highly dynamic workload, we
emulated the demands of a globally-distributed business-critical
HP application called VDR [14] by replacing VDR transactions
in the original traces with RUBIS transactions of the same rank
and replaying the trace. The SLOs of RUBiS were defined as
average response time thresholds. The computational application
was a single program that consumes specified CPU resources.
We used a CPU load trace that varied from 20 to 150 CPU shares
to simulate changes of resource demands in real applications.
The SLOs of computational applications were specified as CPU
utilization targets.

Response times for each individual request of RUBiS were
logged by the workload generator. Power consumption of a
node was estimated as a function of utilization by using linear
interpolation between the measured apparent power consumed
by the node at idle and its fully utilized state [20]. We recorded
directly the reported blower power for the six CRAC units in our
data center. We are using blower power as a proxy for cooling
power, due to the difficulty of isolating the data center from
other uses of our chiller plant. We also recorded the SAT for
each CRAC; this will be used later to approximate the balance
of the cooling power used by the chiller plant.

B. Application Level Performance Management

To determine if the application controller and node controller
could manage the performance of the RUBIS application under
time-varying workloads, we ran experiments driven by the VDR
traces. We set the response time targets for the applications to
40ms. Every 30s, the application controller computed required
CPU utilization targets based on recent workload measurements
for the three virtual machines hosting the application tiers. Every
10s, the node controllers adjusted the CPU shares allocated to
virtual machines.

Figure 3a shows the response times of the multi-tier appli-
cation averaged every one minute for a 10 hour experiment. As
shown in the figure, most of the time, our controllers maintained
the response time below its target. Throughout the experiment
period, the average response time was 34ms and 86% of the
requests had response time below the target. The dynamic CPU
shares allocated to each VM are shown in Figure 3b. Note that
the web tier was always lightly loaded and its CPU share was
set to the minimum of 45 CPU shares.
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(b) Dynamic CPU shares allocated to each component of the application
Fig. 3: Application performance management.
C. Integrated Data Center Management

In this section, we compare the following four approaches:

A: Fixed Approach. CPU shares are dynamically adjusted
to meet a specified, constant utilization targets and the
workload placement is static. This approach is widely used
in production systems such as HP’s gWLM [21] and IBM’s
Enterprise Workload Manager [22].

B: Integrated Performance Management. Application con-
trollers and node controllers dynamically allocate CPU
resource to meet performance targets, but workload place-
ment is static.

C: Integrated IT Management. Similar to approach (B) but
with the integration of dynamic workload placement. A
pod controller migrates and consolidates workloads when
needed. DSC controls cooling resources independently.

D: Integrated Data Center Management. Full integration
of performance management (application and node con-
troller), dynamic workload placement (pod controller) and
cooling management (DSC) as presented in Section II.

For each approach, we conducted 10 hour experiments with
20 nodes and 35 VMs—o6 for two RUBIS applications and 29
for computational workloads—as described in Section III-A. For
each run, we initially placed the workloads onto nodes according
to their peak demands. We used a response time target of 40 ms
for both RUBIS applications except for approach (A) and a
utilization target of 80% for the computational workloads. For
the fixed approach (A), operators of systems typically do not
know how to set the utilization target from an application level
performance target, and often use a default settings provided
by a vendor, for instance, 75% in the HP gWLM. In our
experiments, we used a more conservative utilization target of
50% for the RUBIS applications. Results show individual 10-
hour runs consisting of over 1 million requests. Other runs with
identical settings showed little variance because test workloads
were driven by traces. We plan to validate our controllers on
production systems where statistical measures may be more
meaningful.

Figure 4 shows the aggregate demand in CPU shares of all
workloads over time for all experiments. The demand starts out
high, drops after 30 minutes, increases around the fourth hour,
and drops again afterward. This is typical of day-time demand
for business applications that show peaks in the morning and at
lIunch time.
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In the following sections, we compare the required IT re-
sources, application performance, server power and cooling
power consumption of the four approaches.

1) Computing Resource and Power Consumption: We first
compare the computing resources and power consumption from
the approaches with static workload placement, i.e., approach
(A) and (B), with results from the approaches with dynamic
workload placement, i.e., approaches (C) and (D). In (C) and
(D), the pod controller is configured to dynamically consolidate
workloads and opportunistically turn on or off nodes. As shown
in Figure 5, the integrated approaches lead to significant savings
of both computing resource and power consumption.

Figure 5a shows the number of nodes that were active during
the experiments. The numbers were constant in (A) and (B)
as workloads were placed onto all nodes at the beginning
and all nodes were used. For (C) and (D), the pod controller
consolidated workloads and turned off unused nodes when load
dropped. Hence, fewer nodes were used compared with (A) and
(B). We note that (C) and (D) slightly differed from each other,
which resulted from different workload placement decisions
made by the pod controller. Figure 5b shows the average server
utilization, defined as the ratio of total allocation divided by
total capacity of active nodes. The server utilization of (B) was
slightly higher than (A) because the application controller in (B)
computed lower VM utilization targets than the default 50% used
in (A) for the RUBIS applications. However, consolidation in
(C) and (D) achieved a much higher server utilization. Keeping
the utilization high and turning off unused nodes helped to save
power, as shown in Figure 5c. Compared with (A) and (B), the
integrated approaches (C) and (D) helped to reduce the total
node power consumption by 35% over the 10 hour experiment.

2) Application Performance: Figure 6 shows the Cumulative
Distribution Functions (CDFs) for the response times of individ-
ual requests from RUBIS applications for the four approaches.
The worst performance was achieved by the fixed approach (A)
because the 50% utilization targets are too high. The approach
(B) which uses the application and node controller with a static
workload placement had the best performance. Compared with
(A), approach (B) was able to derive the appropriate utilization
targets from the performance targets through the performance
model. Furthermore, the initial placement of the workloads was
based on their peak demand, thus most requests from the node
controllers could be satisfied. The RUBIS performance from the
approaches (C) and (D) were comparable to that of (B), but
with much less computing resources and power consumption.
The performance fell slightly because there was less excess
capacity available on the nodes due to workload consolidation,
and performance suffered for short intervals on overloaded nodes
until the pod controller was able to re-balance the workloads.
Similar results (not shown) were obtained for the computation
workloads. For these workloads, the average server utilizations
of (C) and (D) were 81.6% and 80.4% respectively compared
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with 80% in (A) and (B).

In summary, the integrated approaches (C) and (D) managed
to significantly reduce required computing resources and server
power consumption without significantly compromising the ap-
plication performance.

3) Cooling Resource Consumption: Figure 7 shows results
of cooling management achieved by integrated IT and cooling
management in approach (D), compared to that in (C) where IT
management and cooling control operated independently from
each other. For the approach (C), the pod controllers dynamically
consolidated workloads and shutdown nodes without considering
the cooling efficiency of nodes and without direct communi-
cation with Daffy. In our fully integrated approach (D), the
pod controller monitored LWPI and always placed workloads
onto nodes with the highest LWPI values. Moreover, the pod
controller informed Daffy which nodes were running and which
nodes were off. Daffy then directed DSC to adjusting cooling
resources accordingly.

Figure 7a compares the mean LWPI value of all active nodes
used by the integrated management (D) with the average LWPI
value of all nodes available in the experiment. As shown in
the Figure, the integrated approach (D) always placed and
consolidated workloads onto nodes with better cooling efficiency,
i.e., higher LWPI values. Recall that workloads were initially
placed on nodes in both Rack 10 and 34. Due to the switch
that exhausts hot air into the cold aisle of Rack 10, the nodes
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Fig. 7: Integrated IT and cooling management.

there are harder to cool and thus have lower LWPI values. The
disparity between LWPI values for nodes in Rack 10 and 34
drove consolidation towards nodes in Rack 34. As shown in
the figure, at time 01:00 and time 06:00, the mean LWPI value
across active nodes increased as the pod controller moved all
VMs from Rack 10 to Rack 34 and powered off Rack 10 nodes
that had lower LWPI values.

The total power consumed by the blowers for the six CRAC
units in the data center is shown in Figure 7b. Without the
integration of IT and cooling, the blower power from (C)
was constant at about 24.7 KW over the experiment period.
Compared with (C), our fully integrated solution (D) managed
to reduce total blower power consumption on average by 15%
over the 10 hour experiment. The saving was achieved through
the interaction of IT and cooling management. In (D), when
workload demand dropped at time 01:00 and 06:00, the pod
controller consolidated workloads onto nodes in Rack 34 (with
higher LWPI values) and shutdown nodes in Rack 10 (with lower
LWPI values) and notified Daffy of these changes. Daffy then
directed DSC to adjust cooling accordingly.

As shown in the figure, the integrated solution (D) reduced the
average blower power consumption up to 8 KW, more than 30%
compared with that with (C) when the workloads were consol-
idated (e.g., time 1:00-3:00 and 6:00-10:00) without regard to
cooling considerations. We note that though we only managed
a small part of the overall data center in this experiment, the
savings through the integration of IT and cooling management
were significant, because blower power of a CRAC is a cubic
function of blower speed, and a small number of hot spots in
the data center can dominate the cooling necessary.

D. Summary

Table I summarizes the performance and power results of the
four approaches over the 10 hour experiments. The column “App.
Perf.” shows the percentage of requests that were below the
response time target for RUBIS. “Server power” means the mean
total power consumption of all the 20 nodes in the testbed and
the column “Blower power” shows the total power consumption
of the six CRAC units in the data center.

The results from the fixed approach (A), which employs fixed
utilization targets for the workloads, are taken as the baseline.
Note that this approach is widely used in today’s production
systems. The integrated performance management approach (B)

TABLE I: Summary of the results

Approach App. Server Blower
Perf. power power
A: Fixed approach 61% 3.81 KW 247 KW
B: Integrated Performance mgmt. 79% 3.87 KW 247 KW
C: Integrated IT mgmt. 70.1% 2.61 KW 247 KW
D: Integrated data center mgmt. 70.1% 247 KW 209 KW

deployed application controllers to dynamically adjust utiliza-
tion targets of the RUBIS application such that response time
targets can be met. This improved the performance of RUBiS
applications and 79% of requests had response times below
the target, 18% more than in (A). The integration of the pod
controller helped to significantly reduce computing resources
and node power usage with some performance loss as discussed
in section III-C2. The average power consumption of the IT
infrastructure from (C) and (D) was reduced by 35% compared
to (A) and (B) and the average saving per server was 70 W. We
anticipate substantial savings when our approach is extended to
more servers in the data center.

Although in our experiments we managed a small fraction
of the data center, the integrated management approach (D)
reduced the CRACs blower power consumption by 15% over
the 10 hour experiment. However, blower power represents only
a fraction of the total power consumption from the cooling
infrastructure. The majority of the power consumption takes the
form of thermodynamic work performed by the central chiller
plant that provides chilled water to the CRACs. As discussed
earlier, this is difficult to isolate and measure directly. From
earlier experience [23], we used the CRAC SATs to estimate
the thermodynamic work and determine the total power (blower
power and chiller power). The savings were found to be 38 KW
over the 10 hour experiment. This represents a 16% savings in
total cooling power consumption.

IV. RELATED WORK

Traditional IT management solutions often over-provision IT
resources, sometimes by large amounts, in order to satisfy ap-
plication performance requirement such as end-to-end response
time thresholds. Virtualization techniques provide mechanisms
for workload management that can provide resources to ap-
plications on their demand. Workload may be consolidated
based on prediction of their demand in the future [8], [9].
When application performance such as response time has to
be guaranteed, performance models [6], [7] can be applied to
predict the resource requirement to meet the performance target.
Recently control theory has been used for design of controllers
that can respond to the time-varying work through dynamic
resource allocation [24]. However, none of the previous work
has integrated dynamic resource allocation and virtual machine
migration for application performance management; nor does it
consider the impact of workload consolidation on the overall
energy efficiency of data centers.

The increasing cost of energy has given rise to a number
of studies on power issues [10], [11]. A few have investigated
minimizing power consumption while simultaneously meeting
performance constraints [10], [25], but these efforts do not
in general deal with the substantial power required by the
cooling infrastructure, despite cooling being a major consumer
of power in data centers [2], [5]. VMware [26] has Distributed
Power Management that consolidates workloads through live



virtual migration and suspends idle machines. However, no
consideration is made of the impact of migrations—dynamic
workload placement—on application performance and the
underlying cooling infrastructure.

Research has also begun in recent years on active control
strategies for thermal management within the data center [12].
A few researchers have studied the management of temperature
and cooling costs [4], [5], [12]. However, since these solutions
lack integration with IT management, they only solve part of the
problem and cannot take full advantage of energy savings. The
lack of IT information prevents thermal management solutions
from making better or smarter decisions, e.g., reducing the
output of appropriate CRAC units in response to reduced IT
workloads within a cooling zone.

In [18], we integrated feedback control and performance
model-based prediction for application performance management
but only through dynamic resource allocation. An automated IT
resource and workload management system for data centers was
proposed in [27], but it did not take into account either applica-
tion performance or cooling management. In [10], we studied the
unified workload and power management for server enclosures
through dynamic voltage scaling, workload consolidation, and
active fan control. End-to-end application performance was not
considered either. In [4], a cooling-aware workload placement
and migration solution has been developed and evaluated in
a data center environment, but it did not attempt to enforce
compliance to SLAs.

The existence of these individual controllers [4], [27], [28],
[18] does not imply a working integrated system. Further, prior
integrations have been partial and ad-hoc. None have considered
application performance and energy efficiency together. The pro-
posed solution provides full integration of performance, work-
load migration, power and cooling management in a systematic
and automatic way. The novelty lies in linking IT and facility
controllers to act in a coordinated manner. The proposed hybrid
data model and Daffy address this.

V. CONCLUSIONS AND FUTURE WORK

Data centers are a mix of IT, power and cooling infrastructure.
Data center management requires management of IT resource
allocation, workload, and power and cooling management. When
these management functions are performed independently, par-
ticularly without regard to the interaction of IT resource and
cooling elements, it is impossible to meet SLAs and achieve
near optimal energy savings. This paper presents an integrated
solution that tightly couples IT management and cooling infras-
tructure management to improve overall efficiency of data center
operation.

Future work will consider the integration of finer power
control, such as dynamic CPU speed scaling. We are also
planning to look at other IT resources (e. g., memory, networking
and storage) in addition to CPU. Other interesting research
topics include the incorporation of additional SLO metrics like
availability and reliability to our model, and the management of
workload across data centers.
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