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Motivation

Existing energy measurement methods are not suited for energy-based billing or
accurate energy profiling of applications.

External Measurement

, Accurate energy/power values
/ Limited to machine-level granularity
/ Expensive deployment for data centers

Inference-Based Estimation

, Adjustable granularity and resolution
/ Calibration required for every system
/ 8% to 10% inaccuracy
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Running Average Power Limit
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Running Average Power Limit

In 2011 Intel R© introduced Running Average Power Limit (RAPL) into their processors, a
feature to limit the power consumption of the processor.

• Processor internally estimates the consumed energy
• Four energy counters are exported by the processor
• Each CPU socket has separate energy counters

28/9/2017 Till Smejkal [TU Dresden] 3/27



Running Average Power Limit

In 2011 Intel R© introduced Running Average Power Limit (RAPL) into their processors, a
feature to limit the power consumption of the processor.

• Processor internally estimates the consumed energy
• Four energy counters are exported by the processor
• Each CPU socket has separate energy counters

28/9/2017 Till Smejkal [TU Dresden] 3/27



Running Average Power Limit

In 2011 Intel R© introduced Running Average Power Limit (RAPL) into their processors, a
feature to limit the power consumption of the processor.

• Processor internally estimates the consumed energy
• Four energy counters are exported by the processor
• Each CPU socket has separate energy counters

RAPL is very promising for on-line energymeasurements.
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Running Average Power Limit
Spatial Granularity

RAPL only reports the energy consumption of the whole CPU socket.
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Running Average Power Limit
Spatial Granularity
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Running Average Power Limit
Spatial Granularity
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Running Average Power Limit
Spatial Granularity
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Running Average Power Limit
Temporal Granularity

RAPL energy counters are updated only at discrete intervals.
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Running Average Power Limit
Temporal Granularity
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Running Average Power Limit
Temporal Granularity
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E-Team
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E-Team

E-Team allows per-application energy accounting based on socket-local measurements
by leveraging a specialized scheduling scheme.
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E-Team
Solving Spatial Granularity

T1 T2 T1 T2 T3 T1

Team1 Team2

Core2Core1 Core3 Core4

T1 T2 T3 T1

RAPL: 20J ,

T1 T2

RAPL: 10J ,

28/9/2017 Till Smejkal [TU Dresden] 12/27



E-Team
Solving Spatial Granularity

T1 T2 T1 T2 T3 T1

Team1 Team2

Core2Core1 Core3 Core4

T1 T2 T3 T1

RAPL: 20J ,

T1 T2

RAPL: 10J ,

28/9/2017 Till Smejkal [TU Dresden] 12/27



E-Team
Solving Spatial Granularity

T1 T2 T1 T2 T3 T1

Team1 Team2

Core2Core1 Core3 Core4

T1 T2 T3 T1

RAPL: 20J ,

T1 T2

RAPL: 10J ,

28/9/2017 Till Smejkal [TU Dresden] 12/27



E-Team
Solving Spatial Granularity

T1 T2 T1 T2 T3 T1

Team1 Team2

Core2Core1 Core3 Core4

T1 T2 T3 T1

RAPL: 20J ,

T1 T2

RAPL: 10J ,

28/9/2017 Till Smejkal [TU Dresden] 12/27



E-Team
Solving Spatial Granularity

T1 T2 T1 T2 T3 T1

Team1 Team2

Core2Core1 Core3 Core4

T1 T2 T3 T1

RAPL: 20J ,

T1 T2

RAPL: 10J ,

28/9/2017 Till Smejkal [TU Dresden] 12/27



E-Team
Solving Spatial Granularity

T1 T2 T1 T2 T3 T1

Team1 Team2

Core2Core1 Core3 Core4

T1 T2 T3 T1

RAPL: 20J ,

T1 T2

RAPL: 10J ,

28/9/2017 Till Smejkal [TU Dresden] 12/27



E-Team
Solving Spatial Granularity

T1 T2 T1 T2 T3 T1

Team1 Team2

Core2Core1 Core3 Core4

T1 T2 T3 T1

RAPL: 20J ,

T1 T2

RAPL: 10J ,

28/9/2017 Till Smejkal [TU Dresden] 12/27



E-Team
Solving Temporal Granularity
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E-Team
Implementation

E-Team is implemented as a new scheduler in the Linux kernel.
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Evaluation

• Intel R© Haswell CoreTM i7-4770 with 3.4GHz nominal frequency
• Disabled Hyper-Threading and Turbo Boost
• NAS Parallel Benchmarks1 (OpenMP version) with 1 to 4 threads
• Results are relative di�erences to execution in stripped-down environment

1Bailey et al., “The NAS parallel benchmarks”.
28/9/2017 Till Smejkal [TU Dresden] 16/27



Evaluation
Solo

T1 T2

BenchmarkTeamBM

Time

C1

C2

28/9/2017 Till Smejkal [TU Dresden] 17/27



Evaluation
Solo

T1 T2

BenchmarkTeamBM

Time

C1

C2

28/9/2017 Till Smejkal [TU Dresden] 17/27



Evaluation
Solo

T1 T2

BenchmarkTeamBM

Time

C1

C2

28/9/2017 Till Smejkal [TU Dresden] 17/27



Evaluation
Solo

CP
U
Ti
m
e
O
ve
rh
ea
d
[%

]

bt.
A

cg
.B

ep
.B �.B is.

C
lu.
A

mg
.C

sp
.A

ua
.A

−2

0

2

4

1 Thread 2 Threads 3 Threads 4 Threads

28/9/2017 Till Smejkal [TU Dresden] 18/27



Evaluation
Solo

En
er
gy
De
vi
at
io
n
[%

]

bt.
A

cg
.B

ep
.B �.B is.

C
lu.
A

mg
.C

sp
.A

ua
.A

−2

0

2

4

1 Thread 2 Threads 3 Threads 4 Threads

28/9/2017 Till Smejkal [TU Dresden] 19/27



Evaluation
Background

T1 T2

TeamBM

T1

Loop

Time

C1

C2

28/9/2017 Till Smejkal [TU Dresden] 20/27



Evaluation
Background

T1 T2

TeamBM

T1

Loop

Time

C1

C2

28/9/2017 Till Smejkal [TU Dresden] 20/27



Evaluation
Background

T1 T2

TeamBM

T1

Loop

Time

C1

C2

28/9/2017 Till Smejkal [TU Dresden] 20/27



Evaluation
Background

CP
U
Ti
m
e
O
ve
rh
ea
d
[%

]

bt.
A

cg
.B

ep
.B �.B is.

C
lu.
A

mg
.C

sp
.A

ua
.A

−2

0

2

4

1 Thread 2 Threads 3 Threads 4 Threads

28/9/2017 Till Smejkal [TU Dresden] 21/27



Evaluation
Background

En
er
gy
De
vi
at
io
n
[%

]

bt.
A

cg
.B

ep
.B �.B is.

C
lu.
A

mg
.C

sp
.A

ua
.A

−2

0

2

4

1 Thread 2 Threads 3 Threads 4 Threads

28/9/2017 Till Smejkal [TU Dresden] 22/27



Evaluation
Comparison with External

T1 T2

TeamBM

T1 T2

Benchmark’TeamBM’

Time

C1

C2

28/9/2017 Till Smejkal [TU Dresden] 23/27



Evaluation
Comparison with External

T1 T2

TeamBM

T1 T2

Benchmark’TeamBM’

Time

C1

C2

28/9/2017 Till Smejkal [TU Dresden] 23/27



Evaluation
Comparison with External

T1 T2

TeamBM

T1 T2

Benchmark’TeamBM’

Time

C1

C2

28/9/2017 Till Smejkal [TU Dresden] 23/27



Evaluation
Comparison with External

T1 T2

TeamBM

T1 T2

Benchmark’TeamBM’

Time

C1

C2

28/9/2017 Till Smejkal [TU Dresden] 23/27



Evaluation
Comparison with External

0 100 200 300 400 500 600 700 800

is.C

�.B

312.5

783.4

321.9

792.3

Energy [J]

E-Team External

28/9/2017 Till Smejkal [TU Dresden] 24/27



Limitations & Conclusion

28/9/2017 Till Smejkal [TU Dresden] 25/27



Limitations

• Exclusive access to whole CPU socket potentially wastes resources
• I/O-intensive applications require frequent use of Short-Time RAPL

Both limitations can bemitigated using random sampling.
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Conclusion

• Accurate energy accounting for arbitrary groups of threads and applications
• No additional equipment, calibration, adaptation required
• Easy-to-use library and command line tool
• Extendable to other energy measurement methods

https://github.com/TUD-OS/{eteam,eteam-rt}
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