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Motivation
• Data centers have been increasingly deployed for cloud 

computing

• Due to space limit, servers are installed compactly on racks.

Computation 
powerful

High energy 
cost on both 
computation 
and cooling

Operation is 
extremely 
expensive

How to 
increase 
energy 

efficiency

?

Reference: http://www.theregister.co.uk/Print/2011/04/07/facebook_data_center_unveiled/
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Motivation (Cont.)

A significant proportion of energy consumption in a 
data center is from AC systems and computation 
systems. 

We propose that energy consumption can be 
optimized by assigning different workloads to 
different machines.
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Contributions
Consider to increase energy efficiency by 
using mixed-integer convex optimization

Build scheduling problem based on DVFS-
enabled CPUs

Consider heterogeneous heat correlation 
among servers

Our optimization includes both 
computation and AC energy consumption

Build thermal interference model based 
on high-fidelity cross coefficient matrix
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Related Work
• Task scheduling is an importing method for optimizing data center 

energy efficiency.

Considering both AC and 
computation power 
consumption

Studies only targeting the 
computational power 
consumption

Works only targeting the 
AC power consumption

Energy consumption based on 
Dynamic Voltage and Frequency 
Scaling (DVFS) CPUs

RC thermal modeling for 
thermal management 
(ignore heat correaltion
between servers)

Room level scalar index 
for heat correlation

Some works suggested 
homogeneous heat 
correlation model

High-fidelity correlation 
matrix model
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Methods: System Model

• minimize (Server’s power + AC power)
Objective function of

( Tasks, AC output temperature )

•Constraints

Data Center 
Model

Tasks 
scheduling 

model

Heat flow 
model

Power 
Model

Server power 
model

AC power 
model
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Tasks Scheduling Model

• Consider a task scheduling 
matrix X

Data Center 
Model

Tasks 
scheduling 

model

Heat flow 
model

Power 
Model

Server power 
model

AC power 
model

𝒙𝟏,𝟏 𝒙𝟏,2 𝒙𝟏,n

𝒙2,𝟏 𝒙2,2 𝒙2,n

𝒙m,𝟏 𝒙m,2 𝒙m,n

𝑥𝑖,𝑗 =  
0
1,

Task j runs on server i.

Task j does not runs on server i.

A constraint here is that tasks assigned to 
server i, the total required computation 
resource cannot exceed the capacity of 
server i.



9

Heat Flow Model
• We consider the interference between servers.

Server 1

Inlet

Outlet

AC Outlet

Server 2

Inlet

Outlet

AC Inlet

Data Center 
Model

Tasks 
scheduling 

model

Heat flow 
model

Power 
Model

Server power 
model

AC power 
model

𝑎11

1 − 𝑎11 − 𝑎12

𝑎22

1 − 𝑎21 − 𝑎22

𝑎21𝑎12

Airflow correlation matrix 𝑨 =
𝑎11 𝑎12
𝑎21 𝑎22

It is easy to see that, if 
we know matrix A, 𝑻𝒔𝒖𝒑, 
and servers’ power. We 
can get all inlet 

temperature 𝑻𝟏
𝒊𝒏, 𝑻𝟐

𝒊𝒏, 
and outlet temperature 
𝑻𝟏
𝒐𝒖𝒕, 𝑻𝟐

𝒐𝒖𝒕 of services.

𝑻𝒔𝒖𝒑

𝑻𝟐
𝒊𝒏𝑻𝟏

𝒊𝒏

𝑻𝟐
𝒐𝒖𝒕𝑻𝟏

𝒐𝒖𝒕

A constraint here is all inlet 

temperature 𝑻𝟏
𝒊𝒏, 𝑻𝟐

𝒊𝒏can not exceed a 

predefined threshold 𝑻𝒓𝒆𝒅
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Server Power Model

• We consider a server’s power 
consumption is cube function of its 
processor’s frequency.

Data Center 
Model

Tasks 
scheduling 

model

Heat flow 
model

Power 
Model

Server power 
model

AC power 
model

• We also consider a linear 
power model as 
comparison.
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AC Power Model
• The Coefficient of Performance (CoP) is ratio of computation 

power and AC power, which represents the cooling 
efficiency of the AC.

• Then we assume AC’s Coefficient of Performance is linear to 
its supply temperature 𝑇𝑠𝑢𝑝.

• Finally, we get relationship of AC power 𝑃𝐴𝐶, servers’ power 
𝑃𝑐𝑚𝑝, and supply temperature 𝑇𝑠𝑢𝑝.

Data Center 
Model

Tasks 
scheduling 

model

Heat flow 
model

Power 
Model

Server power 
model

AC power 
model
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Problem Formulation (Review)

• minimize (Server’s power + AC power)
Objective function of

( Tasks, AC output temperature )

•Constraints

Data Center 
Model

Tasks 
scheduling 

model

Heat flow 
model

Power 
Model

Server power 
model

AC power 
model
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Problem Formulation (Cont.)

Objective function

Constraints

Data Center 
Model

Tasks 
scheduling 

model

Heat flow 
model

Power 
Model

Server power 
model

AC power 
model
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Problem Formulation (Cont.)

Objective function

Constraints

Data Center 
Model

Heat flow 
model

Power 
Model

Server power 
model

AC power 
model
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Problem Formulation (Cont.)

Objective function

Constraints

Data Center 
Model

Power 
Model

Server 
power model

AC power 
model



16

Problem Formulation (Cont.)

Objective function

Constraints

Data Center 
Model

Power 
Model

AC power 
model
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Problem Formulation (Cont.)

Objective function

Constraints

Data Center 
Model

Power 
Model
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Problem Solution
• Convex optimization solution

• Mixed-integer convex optimization

(a) For a non-convex problem, its local 
optimum might not be a global optimum.

(b) For a convex problem, its local 
optimum is also a global optimum.

𝑋 =
0.5 0.7
0.5 0.3

0.5 1
0.5 0

0.2 1
0.8 0

0 1
1 0

First iteration Second iteration Third iteration

Figure reference: http://goo.gl/XQDwYO
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Performance Evaluation
• Simulation Setup

The data center layout in CFD modeling, 
where 25 servers are deployed. • Fitting of Thermal Parameters
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Performance Evaluation
• Fitting of CPU Power Parameters

• Our measurement is based on a computer equipped with one AMD FX-9590 
processor.

• We use “KILL A WATT” as power meter to get power consumption of computer.

DVFS-enabled server power:

Non-DVFS server power:
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Simulation Result
• Tasks generation: We generate tasks 

with random computation resource 
requirement between 400MHz to 500MHz

• Several observations:
1. The DVFS-enabled data center is 

more energy efficient than non-
DVFS data center.

2. The naïve coolest-first scheduling 
does not achieve this privilege.

3. For DVFS case, in region (0 to 
80%load) all three proposed 
optimization achieve similar energy 
efficiency.

4. With the increase of load, AC 
energy consumption becomes a 
dominant factor.

5. At 100% load, no policy is better 
than others.
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Conclusion

Minimizing total energy 
consumption

Building AC, CPU power 
model

Considering 
heterogeneous thermal 

correlation among servers

Considering non-linear 
DVFS-enabled servers

Using MIC

(mixed-integer convex 
optimization)

The simulation results verified the effectiveness of the proposed method



Thank you.
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Convex constraint proof

•
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Convex constraint proof (Cont.)

•


