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Energy-Aware Adaptation for Mobile
Computing

Jason Flinn

(Brief) Motivation

Energy is a vital resource for mobile computing

Can either increase supply or reduce demand

Increasing the supply of energy is difficult:
~ Battery constrains size, weight of mobile device
~ Battery technology improving slowly
~ Processing requirements also increasing
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Higher-Level Energy Management

Lots of effort aimed at reducing energy demand:
— Low-power circuit design
— Dynamic voltage scaling (Crusoe, SpeedStep)
— Low-power network design (Bluetooth)

Lower-level efforts by themselves are not enough!
— OS and applications must also be involved
— Poor implementation can waste low-level efforts
— OS and apps have more info about user intent
— Can make better performance/energy tradeoffs
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Some Important Questions

How to best measure OS and app energy consumption?

What are some possible ways of reducing application energy
usage?

How can the operating system make tradeoffs between
performance, quality, and energy conservation?

What is the best power management interface to present to
users?
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Roadmap

Energy Measurement

Energy-Aware Adaptation

Operating System Support for Energy Management
Remote Execution

Self-Tuning Power Management

Wrap-Up
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Why Measure Energy?

Software developers need to know:
— Which code components are most wasteful of energy?
— What is the energy benefit of an optimization?
— What are the energy tradeoffs of design alternatives?
— Are there any energy-related bugs?

Consider similar problem: optimizing for performance
— Many tools exist: prof, gprof, DCPI
— Even gettimeofday() and printf() very useful
— No easy parallels for energy optimization (yet!)

Need to build the telescope before we can go to the stars.
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Measuring Application Energy Usage

Power (Watts)

Can use DMM or other instrument to measure power
Need to correlate power drawn with application events
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Energy Measurement: Design Considerations

Scope:
— Are we measuring a small number of instructions, ...
— Or are we measuring a large, multithreaded program?

Instrumentation:
— Can we use external infrastructure for measurement,
— Or do we just use what is on the mobile computer?

Heterogeneity:
— Are we measuring a single computer system,
— Or are we measuring many different types?

Very diverse criteria: maybe no single solution is possible!
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PowerScope: An Energy Profiler

What tool might be desired by OS and app. developers?
— Need to handle large, multithreaded programs
— Would like to test on many different platforms
— External instrumentation OK if significant value-add

Insight: profilers valuable for performance optimization
— Can we build an energy profiler?

— Yes, by combining external measurement with sample-
based profiling

(Stay tuned! 2 more energy measurement techniques discussed
later this week)
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PowerScope: Sample Collection

First stage: sample collection
— Digital multimeter samples power levels
— Kernel instrumentation samples system activity

Profiling Data
Computer Collection

Digital Computer
Apps Multimeter
Power 7

Source

Trigger

_PC/PID Correlated
. Samples Current Levels
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PowerScope: Profile Generation

Stage 2: Generate profile off-line
— Minimize overhead during profile collection
— Attributes samples to specific processes, procedures

Profiling
Computer

PC/PID Samples
Current Samples Energy Profile

Symbol Tables
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Sample Profile: Summary

Average
Process nerqgy (J) Power (W)

lusr/odyssey/bin/xanim 643.17 9.66
/lusr/X11R6/bin/X 58 9.28
Inetbsd (kernel) 6.46
Interrupts-WaveLLAN 8.91
lusr/bin/odyssey 10.12

Total 83.9¢ Y 8.66
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Sample Profile: Process Detail

- Avera ge
Procedure ay (J) Power (W)

_Dispatcher .. :; 10.11
_IOMGR_CheckDiscript . 10.23
_sftp_DataArrived 10.48
_rpc2_RecvPacket .. 10.41
_ExaminePacket 10.35

Total 23, 10.12
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Evaluating an Energy Measurement Tool

What metrics should be used for evaluation?

Overhead: performance and power impact of tool
— Overhead perturbs results, so try to minimize it

Resolution: minimum event size that can be measured
— Smaller event size enables fine-grained optimization
— Greater resolution may imply greater overhead!

Let’s look at these metrics for PowerScope:
— Platform 75MHz 486 laptop.
— Vary PowerScope sample frequency
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PowerScope CPU Overhead

300 400 500 600

Samples per Second
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PowerScope Energy Overhead

700 800
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100 200 300 400 500 600

Samples per Second
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PowerScope Accuracy (633 Hz.)

—— Additions

- Multiplications

6.8
100000

10000

ESSES 2003

1000 100 10 1
Procedure Length (ms)
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Case Study: Adaptive Video

Goal: redyce power usage to Experimental Safup:
meet design constraints

ESSES 2003

Client: 75MHz 486 laptop
Server: 200 MHz Pentium Pro
Network: 900 MHz 802.11
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Case Study: Benefit of Lossy Compression

Oidle

@ xanim

@ X server

@ Odyssey
WavelLan

M kernel

N
o
o
o

Energy (Joules)

Premiere-A Premiere-B Premiere-C

(Highest Quality) | (Medium Quality) | (Lowest Quality)

Benefit of lossy compression: 13% energy reduction
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Experiment: Display Size Reduction

Compression does not reduce X server energy usage.

Will reducing the display size help?

Repeat experiment with two additional tracks:
— One each at highest and lowest compression.
— Halve the height and width of the video display.
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Case Study: Display Size Reduction

Oidle

[ xanim

B X server

® Odyssey
B WavelLan
™ kernel

Premiere-A | Premiere-C Premiere-A Premiere-C

320x240 320x240 160x120 160x120

Cumulative benefit: 24% energy reduction
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Case Study: Effect of Device Power Mgmt.

idle

7 xanim

W X server
| Odyssey
@ WavelLan
& kernel

Energy (Joules)

Unmodified Lossy Display Size Network Disk Power
Compression  Reduction Power Mgmt. Mgmt.

Overall result: 46% reduction in energy usage!
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Case Study: Static vs. Dynamic Power

O idle
xXanim

# X server
| Odyssey
# WavebLan
= kernel

7/////// # Static

Unmodified Compression Display Netowrk Disk Power
Reduction Power Mgmt. Mgmt.

Now most power usage is static: no more knobs to turn!
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PowerScope: Discussion

Advantages:
— Works well for complex applications
— Relatively easy to use for different mobile platforms
— Does not require per-device models

Disadvantages:
— Requires external measurement equipment
— Cannot differentiate asynchronous /O
— Measurement granularity limited to large procedures
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Roadmap

Energy Measurement

Energy-Aware Adaptation

Operating System Support for Energy Management
Remote Execution

Self-Tuning Power Management

Wrap-Up
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Energy-Aware Adaptation

How to write applications that use less energy?
Make them more energy-efficient (hard)
Reduce application-specific quality (i.e., case study)
Remote execution
Better integration with device power management
Other possibilities?

Energy-Aware Adaptation: Dynamic balancing of quality and
energy conservation

Reduce fidelity: an application-specific metric of quality

ESSES 2003 26 Jason Flinn




Speech Recognition

Janus: Speech-to-text translation of spoken utterances

Fidelity: full or reduced speech model

Execution location: local, remote, or hybrid

Remote
Janus
Server

RPC

ESSES 2003

Impact of Fidelity on Speech Recognition

Jason Flinn

Baseline Hardware Reduced Remote Remote Hybrid
Power Model Reduced
Mgmt. Model

System energy usage reduced 76%!
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Hybrid
Reduced
Model
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Speech Results on Itsy Handheld

O ldle

B Janus

& Odyssey
B Kernel

Baseline Reduced Remote Remote Hybrid Hybrid
Model Reduced Reduced
Model Model

Energy-aware adaptation more effective on Iltsy
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Map Viewer

Fetch maps from remote server, display on client
Fidelity: remove geographic features, minor roads
Fidelity: crop map by zooming in on specific area

ESSES 2003 Jason Flinn




Impact of Fidelity on Map Viewing

O Idle

[0 X Server
Anvil
Network
B Odyssey
H Kernel

Baseline Hardware Minor Road Secondary Cropped
Power Filter Road Filter
Mgmt.

System energy usage reduced 69%
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PowerPoint

Fetch presentations from remote servers to view or edit
Fidelity: distill out large images before sending to client
Puppeteer middleware can load images later on demand

PowerPoint
Files :
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Impact of Fidelity for Loading Documents

Full Quality
@ Distilled

Energy (Joules)
I
S

Average energy usage reduced 40%!
With simple filter, energy usage reduced 49%)!
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Impact of Fidelity for Editing Documents

Full Quality
& Distilled

Energy (Joules)

Reduces energy to page through document by 13%
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Summary: Energy-Aware Adaptation

Application | Baseline Fidelity Combined
Reduction
Video 1.00 0.84 0.65
Speech 1.00 0.53 0.24
Map 1.00 0.51 0.40
Web 1.00 0.93 0.69
PowerPoint 1.00 0.51 0.51

Energy-aware adaptation:
— significantly reduces energy usage
— complements hardware power management
— is more effective on energy-efficient platforms
— often exhibits predictable effects
— can be implemented in closed-source environments
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Roadmap

Energy Measurement

Energy-Aware Adaptation

Operating System Support for Energy Management
Remote Execution

Self-Tuning Power Management

Wrap-Up
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Aside: Designing an Intuitive Interface

What are the properties of an intuitive interface?

— Minimally distracting: only a few parameters that do not
constantly need to be reset

— Meaningful: parameters expressed in terms that directly
impact the user.

— Well-calibrated: effect of changing each parameter should
be obvious.

Are current OS power mgmt. interfaces intuitive?

How should we define an intuitive interface for energy-aware
adaptation?

ESSES 2003 Jason Flinn

Goal-Directed Adaptation

User specifies needed battery
duration

System ensures that it is met
whenever possible

The system has the following goals:
— Meet the specified duration whenever possible
— Maximize application fidelity
— Minimize the number of adaptations
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Odyssey: A Little More Detail

Applications describe operations, possible fidelities
Odyssey advises which fidelity they should use

Odyssey periodically:

— measures energy supply
— predicts energy demand
— triggers adaptation

ESSES 2003 Jason Flinn

Determining Energy Supply

Energy supply is the residual energy in the battery

How should we measure energy supply?
— PowerScope inappropriate; need on-line msmts.

Methods for measuring residual energy:
— Standardized interfaces (ACPI)
— Hardware device drivers (Smart Battery)
— Modulated energy supply

ESSES 2003 Jason Flinn



Predicting Future Energy Demand

Use smoothed observations of past power usage:
Multiply by time remaining to predict energy demand
o varies as energy drains:

— When goal is distant, large a yields stability

— When goal is near, small a yields agility

Calculate a so that half-life of decay function is 10% of
time remaining

ESSES 2003 Jason Flinn

Triggering Adaptation

When demand exceeds supply:
— Applications adapt to conserve energy usage

When supply significantly exceeds demand:
— Applications increase data fidelity

Demand

ESSES 2003 Jason Flinn



Changing Application Fidelity

C: represents importance of energy conservation
+ Ranges from 0 to 1
<+ Adjusted when demand leaves zone of hysteresis
< Applications use C to choose fidelity levels

ESSES 2003 Jason Flinn

How Much Should Applications Adapt?

How should each application’s energy use change?
Determined by adaptation policy
— Example: “Degrade each application equally”
— C =0.2: “Decrease energy usage by 20%”

What fidelity produces needed energy usage?
Feedback approach is possible
— Adjust behavior by a small amount
— Pause to see if needed change is enough
— May not be sufficiently agile

Alternative: Use model of application energy usage

ESSES 2003 44 Jason Flinn




Application: Web Browser

Distills images on server and displays on the client

Fidelity:
100: Do not compress images
5-99: Compress to corresponding JPEG level

Distillation Server

ESSES 2003 Jason Flinn

Model of Web Browser Energy Usage

4 Undistilled
JPEG-99
- JPEG-95

Energy (Joules)

500 1000 1500 2000 2500 3000 3500 4000
Undistilled Image Size (KB)

Energy usage depends upon fidelities, input parameters
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Modeling Application Energy Usage

Can’t ask applications to specify their energy usage!
Odyssey builds a model by:
— Observing application behavior
— Logging energy usage
— Building models of energy usage
Applications describe types of operations to Odyssey
— Possible fidelities (i.e. JPEG compression)
— Input parameters (i.e. image size)

Applications signal start and end of operation execution

ESSES 2003 Jason Flinn

Example: Web Fidelity on Wall Power

% Undistilled
JPEG-99
c=0

Energy (Joules)

500 1000 1500 2000 2500 3000 3500
Undistilled Image Size (KB)

On wall power, C = 0 (Choose the highest fidelity always)
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Example: Web Fidelity for C = 0.05

4 Undistilled
JPEG-99
e JPEG-95
C=0.05

Energy (Joules)

500 1000 1500 2000 2500 3000 3500
Undistilled Image Size (KB)

JPEG-95 selected for small image, JPEG-99 for large
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Example: Web Fidelity for C = 0.2

% Undistilled
JPEG-99
PEG-95

Energy (Joules)

500 1000 1500 2000 2500 3000 3500 4000
Undistilled Image Size (KB)

JPEG-95 selected more often
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How much should C change?

What should be new value of C?

;_\? The one which would have yielded
~Qnergy usage in the middle of the zone!

b
Sy
b

~ ot

Sy
B

Which C yields demand in the middle of the zone?
— Can use energy history to find out!
— Try different values of C (binary search)
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Predicting Power Demand for C = 0.1

Power Demand

ESSES 2003 Jason Flinn




What if C = 0.2?

Power

Background Power

Operation energy use is lower
Predicted power demand is also lower
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Evaluation: Goal-Directed Adaptation

Can Odyssey meet specified goal for battery duration?

Multiple energy-aware applications run concurrently:
— Speech recognizer
— Video player
— Map viewer
— Web browser

Modulated 12 KJ. energy supply (14% of laptop battery)
— Lasts 19:27 at maximum fidelity, 27:06 at minimum
— Specify time goals between 20 and 26 minutes
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Energy Supply & Demand

— 20 Minute Supply
- 20 Minute Demand

Energy (Joules)

15
Time (min)
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Energy Supply & Demand (2 Examples)

— 20 Minute Supply

- 20 Minute Demand

- 26 Minute Supply
26 Minute Demand

Energy (Joules)

15
Time (min)
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Changing Fidelity

Energy Supply &
Demand

| Speech Fidelity

Video Fidelity

L] L____.'—] Map Fidelity
1 1

0 I
oy Web Fidelity

15 25

Time (min.)
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Goal-Directed Adaptation: It Works!

Specifed Residue
Duration (s.) Energy (%) | Time (s)
1200 1.21% 15.3
1320 0.90% 12.9
1440 0.84% 13.0
1560 0.50% 8.7

Goal is met in every trial; residual energy is low

Other experiments show similar results for larger energy
supply, modified time goal, and bursty workload
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Evaluation: Use of Application History

Does the use of history improve adaptation decisions?
Run Web browser on ThinkPad 560X laptop

Modulated 90 KJ. energy supply
— Specify time goal of 2.5 hours
— After 1 hour, request additional 15 minutes

Compare incremental and history-based approaches

ESSES 2003 Jason Flinn

Energy Drain for Incremental Policy

- [ncremental
— — Ideal

Goal re-specified

Energy (Joules)

1.5
Time (hours)

ESSES 2003 Jason Flinn



Fidelity Levels for Incremental Policy

idelity levels

Fidelity

- | Cremental
— — ldeal

1.5
Time (hours)
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Fidelity for History-Based Policy

Avoids inferior

fidelity level

1aelity levets Adapts more
agilely!

Fidelity

B
o
!

- | cremental
—— History-Based

— — ldeal

1.5
Time (hours)
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Energy Drain for History-Based Policy

- [1Cr@mental
—— History-Based
— — Ideal

Energy (Joules)

1.5 25
Time (hours) Woohoo!
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Discussion: Energy-Aware Adaptation

Operating system can effectively manage energy
— Use feedback to meet goals for battery lifetime
— Use history to decide how much apps should adapt

When multiple applications execute concurrently:
— Asks each application to sacrifice equally
— Can you imagine wanting other policies?
— How would you specify such policies?

Requires applications with multiple fidelity levels
— How else can applications conserve energy?
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Roadmap

Energy Measurement

Energy-Aware Adaptation

Operating System Support for Energy Management
Remote Execution

Self-Tuning Power Management

Wrap-Up
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Remote Execution: An Old Friend

No magic bullet for energy reduction
— Fidelity adaptation not possible for all applications
— Remote execution offers a different possibility

Very old solution for providing performance improvement

— Partition application
— Do compute-intensive portion on remote server

Can we use the same idea for energy conservation?
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Remote Execution: Possibilities

Rudenko et al. examined several candidate applications:
— Compilation, Gaussian elimination, text processing
— Remote execution saves power for the first two
— Remote execution not helpful for text processing

Obstacles to using remote execution for power savings:
— Communication uses significant power

— Poor hardware power mgmt. means mobile computer still
uses substantial power during remote processing

— Network interference can negate power savings

What other obstacles do you see?

ESSES 2003 Jason Flinn

Remote Processing Framework

Middleware layer that supports remote execution

Determines execution location
— Execute tasks both locally and remotely
— Keep per-task statistics — mean time, std. dev.
— Use to determine future execution location

File Consistency
— Remote and local execution must be identical
— Ship locally-modified files to the server
— Ship results back to the client

ESSES 2003 Jason Flinn



Discussion: RPF

Good news:
— Can save significant energy for some tasks
— Hardware power management has improved

What is lacking?
— Must better estimate costs of local, remote execution
— Hybrid forms of remote execution possible
— Must balance performance and energy conservation
— Quality should also be considered

ESSES 2003 Jason Flinn

Spectra Architecture

Spectra provides:
- Mechanism for invoking remote services
Support for ensuring data consistency
> Advice about how and where to execute operations

Odyssey

Resource |
-Ill =
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Data Consistency

Application binaries, data reside in Coda DFS
— same file system image on client, servers
— support for poor network connections

Coda relaxes consistency for performance

For remote operations, Spectra:
—  predicts files that will be accessed
— triggers reintegration of modifications
— executes the remote operations

ESSES 2003 Jason Flinn

Self-Tuning

Model resource usage rather than performance

— Cannot ask applications to specify usage
— Instead, Spectra learns resource usage:

Monitor Log Generate
Applications Usage Models
Predict
Future Usage

ESSES 2003 Jason Flinn




Resource Monitors

CPU
Resource
Network

.
' Snapshot
Battery 1

File
Cache
Servers

predict resource availability
measure resource usage

Modular framework: easy to add new resources,
switch between measurement approaches
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Programming Interface

Fundamental unit is an operation

For each operation type, application describes:
— how computation may be split
— possible quality levels
— input parameters

Application signals when operations start

Spectra decides how and where to execute

ESSES 2003 Jason Flinn



Example: Language Translation

4 components that could be executed remotely
Execution of each engine is optional.

EBMT %
Englne K
chtlonary Language S
Englne / Modeler
Glossary
Engine
Input parameters: translation type and text size
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Example: Execution Plan

Spectra chooses and execution plan:
— which components to execute
— where to execute them

Remote

ESSES 2003 Jason Flinn




Choosing an Execution Plan

Get Resource
Snapshot

Is This Best Predict

Plan So Far? Resource
; Demand

ESSES 2003 Jason Flinn

Selecting the best option

Spectra selects among possible location alternatives:
— Remote servers
— Execution plans

Evaluate alternatives by user metrics:
— Energy usage
— Execution time
— Fidelity

Spectra evaluates each alternative by:
1. Calculating a context-independent for each metric
2. Weighting the metric by its current importance
3. Multiplying together the weighted values
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Spectra Evaluation

LAN

Serial

Run speech recognition with a set of 15 utterances
Specify reduced fidelity half as good as full fidelity

Experiment — recognize a new utterance:

— Scenarios vary resource availability
— Does Spectra select the best alternative?
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Baseline scenario

Client, server, network unloaded; client on wall power:

Local / Local / Full Hybrid / Hybrid / Remote / Remote /
Reduced Reduced Full Reduced Full
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Battery scenario

Client battery powered with 10 hr. goal:

Energy (J)

Local / Local / Full  Hybrid / Hybrid / Remote / Remote /
Reduced Reduced Full Reduced Full

ESSES 2003 Jason Flinn

Discussion: Spectra

Positives:
— Resource-centric prediction adapts well to variability
— Distributed file system yields good consitency
— Good results for speech, graphics, other apps
— Integrates well with goal-directed adaptation

Negatives:
— Requires application modification
— Use of utility functions may be too complex

ESSES 2003 Jason Flinn



Roadmap

Energy Measurement

Energy-Aware Adaptation
Operating System Support for Energy Management
Remote Execution

Self-Tuning Power Management
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Example: 802.11b Power Management

Network interface may be continuously-active (CAM)
— Large power cost (~1.5 Watts)
— May halve battery lifetime of a handheld

Alternatively, user may specify power-saving mode (PSM)
— If no packets at access point, client interface sleeps
— Wakes up periodically (every 100 ms)
— Reduces network power usage 70-80%
— But, performance may suffer...
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Effect of Power Management on NFS
Time to list a directory on handheld with Cisco 350 card

PSM-static:
o PSistatic * 16-32x slower

g~ PSM-adaptive e 17x more energy
e CAM

PSM-adaptive:
* up to 26x slower
* 12x more energy

40 80 120
Number of Directory Entries
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What's Going On?
NFS issues RPCs one at a time...

RPC requests RPC responses

KM/ K:

y__ v _ Mobile Cliemg

Beacons 50ms 100ms 100ms

Each RPC delayed 100ms — cumulative delay is large
— Affects apps with sequential request/response pairs
— Examples: file systems, remote X, Corba, Java RMI...
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Towards Self-Tuning Power Mgmt.

CAM and PSM do not adapt to:
— Intent and network access patterns of applications
— Base power of the mobile computer
— Characteristics of network interface
— User’s need for energy conservation vs. performance

Current adaptive modes only consider access patterns

Can we do better?
— Present better interface to the user
— Dynamically switch between power modes
— Consider all of the above inputs

ESSES 2003 87 Jason Flinn

Principle #1: Know Application Intent

A little information about intent goes a long way

Consider, stock ticker that receives 10 packets per second
— Same network load as NFS with PSM
— But, performance will not improve under CAM

Idea: applications disclose hints to power mgmt. module
— When data transfer are occurring
— How much data will be transferred (optional)
— Max delay on incoming packets

ESSES 2003 Jason Flinn



Principle #2: Be Proactive

Transition cost of changing power mode: 200-600 ms.

Large transfers slower in PSM
— If transfer large enough, should switch to CAM
— Break-even point depends on card characteristics
— STPM calculates this dynamically

Many applications (like NFS) only make short transfers
— Benefit of being in CAM small for each transfer
— But if many transfers, can amortize transition cost
— STPM builds empirical distribution of runs of transfers
— Switches to CAM when many transfers likely in future

ESSES 2003 39 Jason Flinn

Principle #3: Respect the Critical Path

Many network transfers driven by interactive applications
— Perception threshold: 50-200 ms. delays noticeable
— Cumulative network delays (e.g. NFS) frustrating
— Performance critical

Other applications are less sensitive to latency
— Prefetching, asynchronous write-back (Coda DFS)
— Multimedia applications (with client buffering)
— Only energy conservation critical

Applications disclose if transfer foreground or background
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Principle #4: Embrace Performance/Energy Tradeoff

Sometime operating on battery power for a few minutes
— Want maximum performance

Sometimes on battery power for a long time
— Want maximum energy conservation

STPM lets user specify relative priorities
— Could also be set by goal-directed adaptation

ESSES 2003 Jason Flinn

Principle #5: Adapt to the operating environment
Must consider base power of the mobile computer

Consider mode that reduces network power from 2W to 1W
— Delays interactive application by 10%

On handheld with base power of 2 Watts:
— Reduces power 25% (from 4W to 3W)
— Energy reduced 17.5% (still pretty good)

On laptop with base power of 15 Watts:
— Reduces power by only (5.9%)
— Increases energy usage by 3.5%
— Battery lasts longer, user gets less work done.
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STPM Architecture

Applications

Hints

Characteristics Power
Network Energy-Aware

Device Driver ‘ (0N
Mode Energy/Perf.
Transitions Tradeoff

Operating System
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Switching to PSM

STPM switches from CAM to PSM when:
1. Any application specifies max delay < beacon period
2. Disclosed transfer size > Break-even size
3. Many forthcoming transfers are likely

First two pretty straight-forward, last more complicated...
— Generate empirical distribution of run lengths:

Transfers
>150 ms >150 ms >150 ms
Run Run

Run Run
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Intuition: Using the Run-Length History

A good time to switch

Number of Runs

7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97
Run Length

Switch when expected # of transfers remaining in run is high
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More Specifically...

For example, consider switching after 2 transfers:

Then expected time and energy to complete the next run is:
Ty (PULZ21)tP122) * Ty cay P(L22) * 1., (P{L23) ...
Eoey (P(L21) 2 P(122)) + E oy coay PlL22) * E . (P(L23) ..

(Energy here is that of entire mobile computer)

Calculate expected time and energy to switch after each # of transfers
— What if these goals conflict?
— Refer to knob value for relative priority of each goal!

Cn - (Tn / Tmean) *knob + (En / Emeam) . (100 - knOb)
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Self-Tuning Power Management: Evaluation
Client: iPAQ handheld with Cisco 350 wireless card

Evaluate STPM vs. CAM, PSM-static, and PSM-adaptive:
— NFS distributed file system
— Coda distributed file system
— XMMS streaming audio
— Remote X (thin-client display)

Run DFS workload to generate access stats for STPM
— Use Mummert’s DFSTrace and recorded traces
— File system operations (e.g. create, open, close)
— Use trace of interactive software development
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Results for Coda Distributed File System

Time (minutes)

CAM PSM-static PSM-adaptive =~ STPM CAM PSM-static ~ PSM-adaptive STPM

STPM: 21% less energy, 80% less time than 802.11b power mgmt.
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Results for Coda on IBM T20 Laptop

[a)
o
L

oules)

Enercgy (J
Time (minutes)

CAM PSM-static PSM-adaptve ~ STPM PSM-static ~ PSM-adaptive STPM

PSM-Static and PSM-Adaptive use more energy than CAM!
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Results for NFS

[a)
o

Time (minutes)

CAM PSM-static  PSM-adaptive STPM PSM-static ~ PSM-adaptive STPM

STPM: 21% less energy, 80% less time than 802.11b power mgmt.
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Results for XMMS Streaming Audio

XMMS buffers data on client:
* App not latency sensitive
* PSM uses least power

N
L

Power (Watts)
N

—~
(3]
L

CAM PSM-static ~ PSM-adaptive STPM
STPM: 2% more power usage than PSM-static — no dropped pkts
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Results for Remote X (No Think Time)

Time (minutes)

CAM PSM-static  PSM-adaptive STPM PSM-static ~ PSM-adaptive STPM

STPM uses less energy than CAM if think time > 6.5 seconds
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Discussion: Self-Tuning Power Management

STPM tunes power management by considering:
— Base power of mobile computer
— Application hints and access patterns
— Relative priority of performance and energy saving
— Characteristics of network interface

What if the application does not disclose hints?
— Can insert hooks in network stack
— Issue hints on behalf of non-hinting applications

ESSES 2003 Jason Flinn

Managing Other Devices

STPM well-suited for power management when:
— Performance / energy conservation tradeoff exists
— Transition costs are substantial

Consider disk power management:
— Web browser, DFS, mobile DB cache data locally
— Hard drive spins down for power saving
— Significant transition cost to resume rot. latency
— Faster, less energy to read small object from server
— But, if many accesses, want to spin-up disk

For what other devices can STPM be applied?

ESSES 2003 Jason Flinn



Roadmap

Energy Measurement

Energy-Aware Adaptation

Operating System Support for Energy Management
Remote Execution

Self-Tuning Power Management

Wrap-Up

ESSES 2003 Jason Flinn

Idea #1: Pierce the PM Abstraction Boundary

Layered power management:
— Makes development of each layer simpler
— But, sacrifices opportunities for cooperation

Challenge: design a simple interface that pierces boundary
— Fidelity levels for energy-aware adaptations
— Operations for remote execution
— Network hints for STPM

Good application interfaces:
— Expressed in terms meaningful to the application
— Do not require speculation about future activity

ESSES 2003 Jason Flinn




Idea #2: Make the UI Intuitive

Cannot eliminate user from the decision process
— How to determine priority of energy conservation?
— Goal is to make the user’s job easier

A good interface should be:
— Minimally distracting
— Expressed in meaningful dimensions
— Well-calibrated

Examples:
— Goal-directed adaptation
— Performance / Energy knob for STPM

ESSES 2003 Jason Flinn

Idea #3: Model Application Activity

Different applications exhibit very different workloads
— Need to tune power management to application

Examples:
— Goal-directed adaptation models energy usage
— STPM monitors network access patterns

Works best when decisions need not always be correct...
— Might get close decision wrong, but...
— Big decision are usually correct
— Corollary: simple models often work well.
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Idea #4: Don't Put All Your Eggs in One Basket

No magic bullet for power management

Many approaches work well for some apps, not other:
— Energy-aware adaptation
— Remote execution
— Device power management

Best approach: Develop a toolbox of power management
techniques — use them all!

ESSES 2003 Jason Flinn
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B Cooperative VO Principle of Operation

B Cooperative I/O: Principle of Operation

B “Traditional” OS power management policies:

# Timing of disk operations issued by user applications is unknown
and cannot be influenced

B Cooperative I/0: more flexible timing of disk operations
=y deferrable and abortable 1/0O requests
=»new system calls (in addition to the original interface)

read_coop(int fd, wvoid *buf, size_t count,
int time-out, int abort);

write_coop(int fd, wvoid *buf, size_t count,
int time-out, int abort);

open_coop (const char *pathname, int flags,
int time-out, int abort);

=»the OS can decide when to serve these requests

Reference:[WBB02]
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C sk Energy Characterization

C Disk Energy Characterization
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C.1 Device States of Hard Disks

CA Device Sistes of Hard Disks

B Hard disks support several modes with low power consumption

B Drawback of low-power modes: access delays (20 ms — 10s)

B Typical modes of operation (IBM Travelstar)

Power Mode Properties Power . Access delay
consumption
Active read and write operations 2.1-4.7W —
Performance Idle | entered after I/O operation 1.85W —
Active Idle heads in the middle, servo system off 0.85W 20 ms
Low-Power Idle | heads on parking ramp 0.7W 300 ms
Standby spindle motor off 0.25W 1.0-95s
Sleep (almost) all electronics off 0.1 W 3.0-95s
o e IO
i{jﬁifiﬁi@* ie’faz‘ve!s‘i!y of Erdangen-Nimberg » Compuler Science 4« Operaling Svsigms « 2003 ﬁxg
C.2 Miods Transitlons
C.2 Mode Transitions
B Mode transitions consume time and energy:
# Parking and positioning of heads
# Spindle motor activation and slow down
IBM Travelstar (2.5" Notebook-HD)
5 T T T T i
4 -
z3 7
a2 —
1 —
L I f I l l ]
% 1 2 3 4 5 t[s]
IBM Microdrive (CF form factor HD)
2 i I T
15
= L
A L
0.5 P -
0 1 1 1
0 2 4 6 t[s]
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C.3 Break-Bven Time

C.3 Break-Even Time

il Break-even time is the time span where

energy consumption in low-power mode _ energy consumption
+ transition to low-power mode and back ~ in idle mode

B Energy characteristics of a HD for transitions between idle and standby:

Transition | Delay | Energy Consumption Power Mode | Time | Power
spin up tsy Esu Idle t; P;
spin down | tgqy Esg Standby tg Ps

# Definition of the break-even time ty,:
tbepi = (tbe —ta— tsu)l)s + Esd + Esu

t = Esd + Esu - P(tsd + tsu)
be Pi — Ps

# Energy is saved by switching to standby-mode if ;> f;

# IBM Travelstar: break-even time = 8.7 s (typical value 5s — 30s)

Cooperative VO o8
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C.4 Side-Effects of Low-Fowsr Modes

C.4 Side-Effects of Low-Power Modes

B Starting/stopping the spindle motor & parking of heads causes wear
4 Common reason for device failure
4 50,000-300,000 mode transitions
& Trade-off between energy savings, latency and “time to failure”

B Drives with multiple rotation speeds
4 Low rotation speed as an additional power-saving mode
# Low rotation speed for operation at low temperatures
# High rotation speed for maximum performance

Cooperative VO o7
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D

D Hard Disk Power Management

Hard Disk Power Management

Spin-down policies

& Offline policies

& Time-out policies

# Predictive policies

& Stochastic policies

# Notification mechanisms

Cooperative I/O: Deferrable and abortable 1/0 requests

Cooperative YO
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0.8

D1 Spln-Down Policles

D.1 Spin-Down Policies

Spin-down threshold:
& Idle time without device access before a mode switch takes place
Spin-down policy:
# Policy to determine the spin-down threshold for each request
e Offline
* Online
Policy for spin-down can be implemented on the level of
# Drive firmware

& Device driver

Autonomous policies of the drive firmware can interfere
with OS directed spin-down policies.

Spin-down policies can interfere with buffer cache management
and update policies.

Cosperative VO
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D1 Spln-Down Policles

1 Offline Policies

B Traces are the basis of offline spin-down decisions
# Useful for embedded systems with statically scheduled activities
# Useful for the evaluation of dynamic online policies

B “best fixed time-out”

# Determination of a fixed spin-down threshold for all drive requests so that
maximum power savings are achieved

4 Optimal non-adaptive policy
B “oracle algorithm”
# Spin-down after finishing a request, if the idle time exceeds the break-even
time
4 Spin-up right in time before the next request in order to minimize latency (i)

@ Adaptive policy with minimal energy consumption and optimal performance
References:[DKM94, HLS96]

Cooperative YO D10
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D1 Spln-Down Policles

2 Fixed Time-Out Policy
Simple and proven on-line spin-down policy
4 Switch to standby-mode is initiated by the firmware or the operating system.

# Spin-down threshold can be configured (e.g., by the user/administrator. Is he
competent to make a power/performance trade-off?)

B Typical values for the threshold are in the range of minutes in
contemporary operating systems:

=»Trade-off between high energy consumption in long idle-mode periods
and the drawbacks of mode-switches (latency and wear)
B Break-even time as spin-down threshold:
=» I; < tpe: €nergy consumption is equivalent to the oracle policy

=»t;> t,o: energy consumption is maximal twice the energy consumption
of the oracle policy, because the energy consumption in idle-mode for
fpe is the same as for a mode-switch.

Cooperative VO D11
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D1 Spln-Down Policles

3 Predictive Policies

Prediction of the idle time in the future by analyzing the past

B Superior to fixed time-out policies:
4 no unneeded waiting in the idle mode if predicted idle-time > f

B L-shape policy 10000 -~ - =~ =i == == e 3o e oo
# shortbusy periods follow _ S
long idle periods. % 1000‘1':';’7" S A S A A
® long busy periods follow  F  100{--- - --{----s-n-demmmdoeeih
short idle periods S SRR oo
= 10—_:___'___ - L I P T
=»Spin-down after short = S e

bursts "o 10 20 30 40

B Adaptive learning tree Busy-Zeiten [s]

# Decision tree maps the sequence of idle-periods in the past on a prediction
for the next idle period.
B Exponential average:p[n+1] = a-t,[n]+ (1 -a)-p[n] with0<a<I
References:[LM01, CBM99]

Cooperative YO D12
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D1 Spln-Down Policles

4 Stochastic Policies

B Use of stochastic processes for modelling of
# Arrival times of requests
& Time between two requests
# Probability of a mode switch
# Duration of a mode switch
# Queue length

B Superior to predictive and timeout

Device
User

Queue

References:[KMMO94, PBBDM98, KLV99, Sim02]
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D1 Spln-Down Policles

5 Notification Mechanisms

B New system calls for bi-directional application-OS notification
® RequireDevice (device, time, callback)
® RequireDevice (device, tolerance, time, callback)

® RequireDevice (device, type, period, wait)
type: always / periodic / once / delete
wait: maximal delay

References:[LBM02, LBMOO]
B Compiler framework for automatic code transformation
@ FILE *streamed fd, FILE *non-streamed_fd
# |/O operations are mapped to a run-time library
* Run-time disk drive characterization

* Implementation of buffered 1/O incl. management of buffers
of variable size

* Notification of the operating system about the following idle period

* New system call: next_R(time_t t)
Reference:[HPH+02]

Cooperative YO D14
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D.2 Cooparative

D.2 Cooperative I/0

1 Principle of Operation
B Deferrable and abortable 1/O requests

read_coop(int fd, wvoid *buf, size_t count,
int time-out, int abort);

write_coop(int fd, wvoid *buf, size_t count,
int time-out, int abort);

open_coop (const char *pathname, int flags,
int time-out, int abort);
B Hard disk in active or idle mode:
# deferrable operations are executed immediately

B Hard disk in standby mode:
# operations are deferred until hard disk is activated by another process
# or until user-defined time-out is reached
# then: force activation of hard disk or cancel the operation

Cooperative VO D15
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D.2 Cooparative

1 Principle of Coop I/O

=¥ Disk operations are clustered/grouped together

I ) :
— time HD - time
C—1 HD standby mm— HD active
=»generate long periods of inactivity
=pfewer mode transitions
=»hard disk can be kept longer in standby mode
B Examples:
4 audio-/video player
¢ web browser
# background processes
& auto-save
I tive VO
ifﬁe%%’iiiﬁ: Universily of Erdangen-Nimberg » Compuler Science 4« Operaling Svsigms « 2003 @" ?§

D.2 Cooparative

1 Principle of Coop I/O

B Integration of all layers—from the hardware to the application

application

3. cooperative /O operations
read coop (), ...

file system

J

VES, block

butfer cache <— 2. energy-aware caching & update

y

Saons gaes | 1. spin down policy

(device-dependent time-out)

(v ponver modes

B Implementation
@ Linux Kernel 2.4.20

# Modifications to the IDE device driver, VFS (block buffer cache and
update mechanism) and ext2 file system

Cooperative VO D17
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D.2 Cooparative

2 Coop /O Interface

B New system call interface to file-I/O

read_coop(int fd, wvoid *buf, size_t count,
int time-out, int abort);

write_coop(int fd, wvoid *buf, size_t count,
int time-out, int abort);

open_coop (const char *pathname, int flags,
int time-out, int abort);
B Legacy calls can be mapped to coop-calls
€ abort = FALSE;
# Default value for time-out: 0

& Environment variable coop_TIME_0OUT defines time-out value for uncritical
(background) tasks

Cooperative YO D18
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D.2 Cooparative

3 Spin-Down Policy

application
3. cooperative 1/O operations
read coopl}, ...

file system

J

VES, block

butfer cache <— 2. energy-aware caching & update

1. spin down policy
(device dependent time-out)

ow-pover modes

1. Transition to standby mode if hard disk is idle

# simple, efficient and proven algorithm:
Device-Dependent Time-out [LMO1]

@ spin down if:
current time — time of last access > break-even time

Cooperative VO D18
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D.2 Cooparative

4 Energy-aware Caching & Update

application

file system

3. cooperative 1/O operations
read coopl}, ...

2. energy-aware caching & update

1. spin down policy
(device dependent time-out)

ow-pover modes

2. Energy-aware caching & update
=»goal: clustering of disk operations
# update writes all “dirty” blocks to disk, independent of their age
@ updates are attached to other disk accesses

4 If device driver decides to switch to standby mode, force update before
the mode transition

device driver <

Cooperative YO

0D.20
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D.2 Cooparative

5 Measurements

B DAQ system

4 measurement of voltage drop at defined resistors in the 5V supply line of the
hard disk

# resolution: 256 steps; 20000 samples per second

B MP3 player AMP using deferrable read_coop () requests

B Player with two read buffers

& audio data is read from one - 2
buffer play = read_coop ()
& thread fills other buffer with ;
deferrable read calls.
read_coop () play —

& modifications: ~ 150 lines

B Mail reader stores new mails (checking mail every minute) in a file on hard
disk using legacy write () .

Cosperative VO
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5 MP3-Player + Mail-Reader

D.2 Cooparative

B Write requests of mail reader and read requests of AMP are grouped

I JPARTR e

RN R
300 400 500

write() (164 J)

together
:_ i 1 i I v 1 i I i LI :_ I . I
4 3 4
s ] s
A1) 1] | 8
L] 9 W O O T O » ] 1™ VORI WU P
o 1 1] o 1
00 200 300 700 500 T00 200
t[s] t[s]
unmodified AMP using read () (373 J) mail reader using
4 | | e
g
o 2
1 -
% 700 200 300 200 500
t[s]
Cooperative-1/0 kernel,
AMP using read_coop () + mail reader (210 J)
Cooperative YO
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5 MP3-Player + Mail-Reader

D.2 Cooparative

B Linux kernel w/o power

management (373 J):

T
i

l

P [W]
o = N (lp -:xlcn

1]

|

1
n|"'
300

—
.
400

]
00 20
1[s]

B Cooperative-1/0O kernel,
AMP using read () (265 J):

P [W]
N e

]
100 200

) ]
300 400 500

t[s]

B Cooperative-1/0O kernel,

AMP using read_coop () 4
. 53
(210 J): =3
1 -
00 100 200 300 400 500
tls]
Cosperative VO

& Frank Beliosa » Universily of Eriangen-Nimibarg » Compulsr Scisnee 4« Operaling Byslems « 2003

.23




5 MP3-Player + Mail-Reader

D.2 Cooparative

B Linux kernel w/o power

ST T T T 1]
management (373 J): E:Z ]
I
1_—_7 bedardy | TR L | B TR PP PO P
05— T60 200 300 400 560
t[s]
B Cooperative-1/O kernel, i
AMP using read () (265 J): £ 3
2
o 1_
oL | 1 | -
100 200 300 400 500
1[s]

B Cooperative-1/O kernel, s : : : : :
AMP using read_coop () 4 .
(210 J): N E

1 :
CO 100 200 300 400 500
t[s]
Cooperative YO D.og
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5 MP3-Player + Mail-Reader

D.2 Cooparative

B Linux kernel w/o power j——T— 77—
management (373 J): E:Z ]
A
1—.7 kg | tokadutlh b b bad ity ) —_
T — ) 't[]sc')o S
S
B Cooperative-l/O kernel, o
AMP using read () (265 J): Eg
o
it
0 700 200 y ]360 700 500
S
B Cooperative-1/0O kernel, 5
AMP using read_coop () E;
(210 J): =,
1
&0 00 200 300 400 E00
1[s]
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D.2 Cooparative

5 MP3-Player + Mail-Reader

N woh~oo

P W]

0 100 200 300 400 500
t[s]

Cooperative-1/0, AMP using read_coop () (210 J)

B Two read_coop () requests to fill the two read buffers

B If device is in standby mode:
& first request is deferred until active buffer is empty
# force spin-up to serve request; device is in idle mode
=»read_coop () request for second buffer is executed immediately
=»effectively two read operations are grouped together

B Write requests are attached to read operations of AMP

Cooperative YO D26

& Frank Betiosa « Universily of Edangen-Niirmberg » Compuler Science 4« Operaling Svsigr

D.2 Cooparative

5 Synthetic Tests

B Five processes wake up periodically and issue cooperative read or write
requests after random wait times

B Comparison of four policies:
# Linux kernel without power management
# Cooperative-1/O kernel, test programs use read () orwrite ()
# Cooperative-1/0 kernel, use of read_coop () orwrite_coop ()
# Oracle
B “Oracle” spin-down policy
# knows timing of future disk operations (traces!)
# transition to standby mode immediately if energy savings are possible
=»optimal strategy with respect to energy consumption
=»no influence on times of disk operations!

Cooperative VO D27
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D.2 Cooparative

5 read_coop()

E[J]
1000~ -
800 - O oracle policy
» ] Cooperative-I/O,
600 - read_coop ()
B i B Cooperative-1/O,
400 -] read()
B ] W Ww/o power
200 -] management
ok .
25 50 75 100 125 150
period length [s]
B Higher energy savings than (uncooperative) oracle policy
B Cooperative I/O clusters accesses [~ mode| crive +
. . RN o idle |standby
=»reduction of mode transitions strategy~ . |ransitions
. . cooperative 29s 153 s 868 s
=»more time in standby mode oracle 07s | 132s | 811s
B Oracle policy does not defer or cluster requests!
Cooperative YO Bos
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D.2 Cooparative
5 write_coop()
E [J]
1000 -
800F- g S S 8 3 é - [0 oracle policy
B h Cooperative-I/O,
600 - write_coop ()
» h B Cooperative-1/O,
400 ] write()
u h I w/o power
2001~ - management
of ]

25 50 75 100 125 150
period length [s]

B write() andwrite_coop () requests are already deferred by the
update mechanism

=»only little additional savings when using write_coop ()
B Oracle has no influence on the times of disk operations
=»requests are not deferred (synchronous writes)

Cosperative VO
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D.2 Cooparative

5 Varying number of cooperative processes

B 5 processes run in parallel,
0-5 of them using read_coop (), the other read ()

550 -
- 515J s

495 J _
473 J
- 457 J .
426 J _
- 408 J 7
I I I _-
300 0 1 2 3 4 5

number of cooperative processes

(all 5 processes)
B P N
o [6)] o
o o o

| | |

J
&)
4]
o

I

B The more processes using read_coop () instead of read (),
the higher the energy savings

Cooperative YO D.30
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D.3 Conclusion

D.3 Conclusion

B Cooperative I/O achieves higher energy savings than oracle policy
=»higher energy savings than “traditional” spin-down policies

B Applicable to all devices with expensive state transitions
4 Rotating media
# Micro-/Nanoelectromechanical Systems (MEMS)
¢ Wireless networks

B Cooperation of energy-aware and legacy applications

B Cooperation of device power management and buffer management

Cooperative VO D.371
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D.3 Conclusion
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A Cutline

B The Flayground for Power Management

B The Playground for Power Management

B.1 Increasing the Lifetime of Batteries

B Improvement of the efficiency of energy consuming components
# CPU: clock/voltage scaling
@ Energy-aware virtual memory & garbage collection
# Energy-aware I/O (disk, WLAN)
& TFT display power management

B Improvement of battery efficiency
# Battery-aware task & 1/0 scheduling
# Battery-aware dynamic clock/voltage scaling

Event-Driven Energy Characterizetion
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B.2 Limiting Peak Power

B.2 Limiting Peak Powsr

B Peak power consumption may not exceed limits
& Battery/UPS power
& Solar power
& Power over Ethernet
=»How to guarantee mission critical services?

B.3 Thermal Management

B Temperature may not exceed limits (Tgin < 55 °C, Tepip < 75 °C)

# Increased reliability of devices without fans
@ Safe operation in case of cooling failure
=»Power estimation

=»Power throttling policy

=»Thermal response mechanism

Event-Driven Energy Characterization

& Frank Betiosa e Universily of Edangen-Nimberg » Compuler Science 4, » Opgrating Syslems « 2002

8.3

C Energy Characterization

C Energy Characterization

B Power Management has to decide
& When
& Where
# How fast
4 Under which environmental conditions (power & cooling)
any activity in the system is allowed to take place.

B The energy-related behavior of the system is the
basis of all power-management decisions.

B If we cannot predict the behavior of the system off-line,
we have to observe the system.

=% The Case for On-Line Energy Characterization

Event-Driven Energy Characterizetion

& Frank Beliosa = Universily of Eriangen-Nimibarg » Compuler Scignce 4, » Uperating Syslams » 2002

C.4




C.1 Energy Characteristios

C.1 Energy Characteristics

1 CPU Power: Application Dependency

B Pentium4@2GHz
60 W

50w

4OW -

30W

20W -

10W
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C.1 Energy Characteristios

2 System Power: Application Dependency
i Intel IQ80310 (XScale@733 MHz)

1400mW
1200 mW
1000 mW
800 mW

600 mW |-

400m W |-

200 mW |-

0mwW
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C.1 Energy Characteristios

3 System Power: Data Dependency
B Ghostscript running on Intel IQ80310 (XScale @733 MHz)

800 mW T . i e e
600 mW - -
400 mW - —
200 mW Init Ixt  Gif+Gif+Txt TIxt Txt+Gif+Txt TIxt .
O I i I 1 | YT\ s
2 4 6 8 10
t[s]
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C.1 Energy Characteristios

4 Clock Scaling: Energy vs. Performance Profile

B Energy savings vs. performance loss for “factor”

‘—Q—Savings Performance Loss ‘
20,00%

o
10,00% &

0,00%

(%] o

(] o

[se] <
-10,00%
-20,00%
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C.1 Energy Characteristios

4 Clock Scaling: Energy vs. Performance Profile Il

B Energy savings vs. performance loss for “grep”

Performance Loss

‘—O—Savings

20,00%

15,00% \\\
10,00%

5,00%

0,00%
333 400 466

-5,00%

-10,00%

-15,00%

Event-Driven Energy Characterization

& Frank Betiosa e Universily of Edangen-Nimberg » Compuler Science 4, » Opgrating Syslems « 2002

C.8

C.1 Energy Characteristios

5 Energy Characteristics of Applications

B Simple applications show predictable energy consumption
# Time is an indicator for energy consumption (for a given clock speed)

& Example: code with fixed loop counts and branches of equal complexity

B Complex applications show unpredictable characteristics due to
@ Multiple blocks of computations with unknown execution order
4 Unknown input data
4 Unknown working set size
4 Unknown scheduling sequence in a multitasking environment
¢ Cache effects (compulsory misses)
* TLB (TLB misses)

& Examples: interpreters, decoders, virtual machines, dynamic scheduling

=% The case for high-resolution energy estimation

Event-Driven Energy Characterizetion
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C.2 Energy Estimation

C.2 Energy Estimation
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C.2 Energy Estimation

1 Power Measurements
B Measurement methodology:
target system Power data collection
Supply digital _ system
/0 rgger AD
S —— differer{ial signal (< 50mV) converter
B Sampling frequency must be higher than frequency of power changes
=»Sampling must be faster than execution of code-sequence of interest
B Trigger must be sent with low overhead
# Overhead of digital I/O driver (Parallel I/0: P4@2GHz 2400 cycles = 1,2us)
# Overhead of system call
# Overhead due to additional cache misses
B Not applicable for SoC designs
B High-speed, high-resolution measurement environment

=»Feedback-driven PM of field targets is to expensive (HW, energy)

Event-Driven Energy Characterizetion
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C.2 Energy Estimation

2 Simulation

il Level of simulation
& Layout
4 Functional block
# Instruction

B Coverage of simulation
# Processor core
# Processor, caches, MMU, executing user-level code
& Complete CPU executing UL&KL code
4 Complete machine simulation (incl. memory, 1/0O)

Simulation speed: 4000-10.000.000 times slower than target system

No timing accurate simulation model available for many HW-components

B Feedback-driven power management not applicable
References: [BTM00, SMHO01, GSI+02]
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D Event-Driven Energy Estimation

D Event-Driven Energy Estimation

B Performance penalties are the result of HW latencies.
=»Let’s count performance critical HW activations!
=» Performance monitoring counters
Reference:[ABD+97]
B Energy consumption is the result of HW activity.
=»Let’s count energy intensive HW activations!

=» Energy monitoring counters
Reference:[Bel00]

Event-Driven Energy Characterizetion D14
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D.1 Event Selection

0.1 Event Selection

B Challenge:
# Selection of energy-critical events
¢ Clock cycles
¢ Retired (micro-) instructions
¢ Mispredicted branches
* Address translations

¢ Cache operations (read/write, miss, write-back)

* Bus transactions
* Memory bank activations
# Assignment of energy values to events

Energy = 2 #eventstyp o - energy_value

event_types

# Energy-critical events and energy values can be derived from low-level

architectural models.
Reference:{GBCHO01]

Event-Driven Energy Characterization

& Frank Betiosa e Universily of Edangen-Nimberg » Compuler Science 4, » Opgrating Syslems « 2002

.18

D.2 Counter Implementation

0.2 Counter implamentation

1 Event-Monitoring Counters

B Counters register energy-critical events in the complete system

architecture.

B Counters should be read/written with low overhead (time/energy)

=»Counters are implemented as special registers (not memory mapped)

=»Counters are part of the core

» Counters are faraway of the event location (event-signal propagation!)

B Preciseness is not required.

(e.g., events of previous instructions must not yet be registered)

¢ Event propagation delay is not critical.

B Misuse of performance monitoring counters

# Incomplete coverage of energy-critical events (# counters, types of events)

4 High latency for reading (e.g., 40ns)
References: [Bel01, JMO1, Kel03]
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0.2 Counter implamentation

Event-Monitoring Co-Processor

BRI
et

gt
tigner

i

Higger

Fagslor ot
seilaty
it reggiater

ahbis recisiar

Control Loglc

inferface
&

Event Counter 0 Dedicated co-processor

irrmerd valie
ks register
tang, value

Low OS-overhead

Minimal side-effects

Event Counler 1

irrenend viie | m

daiaregiier ¢
[+
4

W otk
3
| I BN BN

Integrated in SoC design

ey, walis

Event Counter n
norgment valug
st reggiater
e, velkig

W ot
1

— JD co-processor

Reference:[HKS+03]

Event-Driven Energy Characterization Bty

& Frank Betiosa e« Universily of Erangen-Nirmby

g » Compuler Solence 4, » Oparating Syslems « 2002

0.2 Counter implamentation

3 Benefits

B Power/Performance characteristics become a first class element of the
task context.

B Low memory overhead:
Just one entry in the task structure per event

B Low algorithmic overhead:
Counters are evaluated
4 in the timer interrupt handler
4 in the scheduler

B High temporal resolution:
Characteristics can be measured for arbitrarily short periods.

B Fast response:
Changes in the energy-related characteristics of a process can be
registered promptly.

Event-Driven Energy Characterizetion D18
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D.3 Event-Driven Energy Estimation

D.3 Event-Driven Energy Estimation

1 Methodology for the Determination of Energy Values

# Energy measurements of m training applications with a DAQ system:

T

€ = (e €y ..r€py)

& Reading of the number of events for n types of events for m applications:
A=Ta;] (1<i<m, 1<j<n)

& Find a vector x' = (x;,xy, ..., X,)
with |A - -& minimal
and A-x-&>0 so that an underestimation of the energy will not be
accepted.
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D.3 Event-Driven Energy Estimation

2 Specifics of the Pentium 4 Target

Performance monitoring counters register energy-critical events.

B For complex floating point instructions, MMX, SSE, and SSE2 operations
our quest for a set of events fails because of a lack of meaningful events.

B First- and second-level cache misses cannot be counted simultaneously.
Most applications show a low 2nd-level cache miss rate

=»Negligence of the power contribution of 2nd-level cache misses
=»Underestimation of energy consumption of up to 20%

event weight max. rate|power contribution

[nJ]|(events per cycle) [Watt]

time stamp counter| 6.17 1.0000 12.33 W
unhalted cycles 712 1.0000 1423 W
uop queue writes 4.75 2.8430 26.99 W
retired branches 0.56 0.4738 0.53W
mispred branches |340.46 0.0024 1.62 W
mem retired 1.73 1.1083 3.84 W
Id miss 1L retired 13.55 0.2548 6.91W

Event-Driven Energy Characterizetion Do
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D.3 Event-Driven Energy Estimation

3 Accuracy of Event-Driven Energy Estimation

application estimation error of

energy consumption
OpenOffice 1.0.2 -1.69%
Mozilla 1.0.0 -0.56%
Linux 2.5.64 kernel-build 4.16%
jvm98 1.03 2.20%
caffeine 2.5 6.09%
perl 4.95%
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0.4 Energy Acoounting

D.4 Energy Accounting

1 General Resource Accounting

B Accounting: Measurement of resource consumption

# Resources: CPU time, allocated memory, disk space, disk operations,
network transfer volume, energy

B Accounting is a requirement for resource management
(e.g., resource limitation, resource guarantees, resource billing)

B Accounting of a resource has to cover all locations of consumption
& CPU-time is spent on user-level and kernel-level
& Memory is allocated for applications and kernel data structures

Application % CPU (user mode) | % CPU (kernel mode)
ftp (transfer with 92 Mbps) 10 90
thttpd webserver (400 requests/s) | 16 84
Realplayer (30 frames/s) 32 68

B Resources have to be accounted exactly in a client-server environment

Event-Driven Energy Characterizetion Do
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2 Client-Server Accounting

0.4 Energy Acoounting

#l Event-driven server:

# A single process/thread
accomplishes different tasks

B Multi-threaded server:

# Several threads accomplish
different tasks.

B Multitasking server:

# Multiple processes cooperate to
accomplish a single task

Single Independent
Activity

Application
Threads

Server

Process ———» ServerThread

Resource

select
0 Principal
\ User level
Listen \_/ Kernel
Socket ™,
|~ |
Server Server Threads
Process Resource
\ Principal

User level

User Level Listen K
emel
Socket ™~ l l l
Kernel o O O O

Application Process Application Process ‘
(Protection Domain (Protection Domain

+ Resource Principal)  + Resource Principal)
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0.4 Energy Acoounting

2 Accounting in a Server Environment

B Resources used by a server on user- and kernel-level should be

accounted for
* fulfilling specific tasks

e serving requests of specific (classes of) clients

B The execution/protection domain is the wrong abstraction for resource

accounting

=» Resource Containers as a novel OS abstraction
* Separation of protections domains and resource accounting

¢ Accounting of any resource consumption to a “resource principal”

Event-Driven Energy Characterizetion
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3 Resource Containers

0.4 Energy Acoounting

B Accounting of CPU time in user-
space and kernel mode

B Accounting of kernel objects
(sockets, network buffers)

Resource
Principal

Application Threads

Application Process
(Protection Domain)

User Level

Kernel

@ Differentiation of network
connections with different clients

Application’s Resource
Principal extends into
the kernel

B Use of resource accounting
information in the scheduler

Independent Activities
+ Resource Principals

Main Server Process \

Application
Sub (Child-)Process Thread

Independent Activities
+ Resource Principals

. User Level
Kernel

pplication Process
(Protection Domain)
Connections
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0.4 Energy Acoounting

3 Resource Containers

B Implementation
& RCs are referenced via file descriptors.

& Attributes of a RCs: resource consumption, scheduling parameters,
resource limits (e.g., min. x, min. y%, max z%), access rights

® Scheduling Binding:

* A single thread can be bound to several RCs
(thread structure holds references to RCs).

» Scheduling decisions depend on resources of all bound RCs.
4 Dynamic binding of a thread to RCs
» Explicit binding via system call interface
e Implicit binding depending on descriptor binding (e.g., pipe, socket)

root RC

# Resource Container Hierarchy

* Resource assignment of a child parent 4
. . 00 °O
depends on the remaining K A7°/ 3|0/s o]
erver erver
resources of the parents.
child s S
Reference:[BDM99] ‘ C¢ 66 /‘° r}@'c\ |
hild X hild Y
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0.4 Energy Acoounting

4 Energy Containers
B Resource containers for managing energy as a first class resource
B Energy is accounted with event-driven energy estimation.
B Energy containers provide the information for power management
policies.
B Example: Limitation of average power consumption (e.g., solar power)
# Periodic refreshing of energy limits (e.g., of the root container)
# Only child containers consuming energy are refreshed.
# Threads exceeding the limits of their associated containers are blocked,
s
g
£
=3
2
8
8
()
®
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0.4 Energy Acoounting

4 Energy Containers

B Case study:
Pentium 4 @2GHz throttled to 40W, 30W, 20W, 45W, 35W, 25W and 15W

50

40 i

l'l H‘

T M

[

Power consumption [W]
Lo
[

20

10

3]
3
e

Reference:[Wai03]
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0.4 Energy Acoounting

4 Energy Containers

B Case study:
Throttling two server applications with different client shares

60 T T T T T T

L 100t container (total) | -
—client] 580% shareg

50 client2 (20% share) |

40

20

10

power consumption (Watt)

time (seconds)

Reference:[Kel03]
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0.4 Energy Acoounting

5 Energy Inversion Problem

i Client-server environment
# A clients requests a service from a server.

# The server uses the client’s resource binding (e.g., implicit binding to the
client’s energy container by reading from a socket descriptor).

# The server exceeds the client’s energy limit while holding a critical resource:
=» The server is blocked holding another resource until energy is refreshed
=% Server cannot work on client requests with an energy budget.
=» “Energy Inversion” problem

Event-Driven Energy Characterizetion D.ag
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E OS Directed Dynamic Thermal Management

E.1 Motivation

B Reduce costs for cooling
B Increased reliability of devices without fans

B Safe operation in case of cooling failure

E.2 Principle of Dynamic Thermal Management (DTM)

Trigger Turn Check Check Turn
Reached Response On Temp Temp Response

! / X Off
L

7

Initiation Response  Policy Shutoff
Delay Detay Delay Delay
4—Response On—->m

Reference:[BM01]
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E.3 Trigger Mechanisms

E.3 Trigger Mechanisms

1 Temperature sensors

B A single sensor approximates the average chip temperature if placed far
away from hot spots.

B Multiple sensors are required to cover all hot spots.

B There is a delay between temperature reading and actual temperature.
(maximum thermal ramp rate of the P4 processor: 50° C/s!) [Int02]

il High overhead for reading a thermal diode
(e.g., reading the P4 thermal diode via SMBus can take 8.5 ms)

B Temperature reading can hardly be correlated with active tasks to identify
an energy/temperature principal.

Event-Driven Energy Characterizetion B oas
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E.3 Trigger Mechanisms

2 Basics of Temperature Estimation

B Temperature is estimated by exploiting energy estimation information
=»The accuracy of the temperature estimation depends on the accuracy
of the energy estimation and the thermal model.

B The thermal model has to be calibrated for the specific combination of
chip, chip case, interface material, heat spreader, and heat sink
B Assignment of an energy/temperature principal is possible.

# The reliability of the thermal trigger depends on the reliability of the software
(sufficient to indicate catastrophic thermal failure?)

Event-Driven Energy Characterization B
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E.3 Trigger Mechanisms

3 Application-Specific Temperature Estimation

B Application-specific energy characteristics and time-based accounting
4 Only applicable for simple applications with predictable characteristics
# Characteristics are determined with
¢ application measurements
e compile-time analysis
e simulation
=» Characterization for each application for each hardware configuration
@ Hardware support is not required.
# Overhead for energy estimation is marginal.

Event-Driven Energy Characterizetion B ag
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E.3 Trigger Mechanisms

4 Event-Based Temperature Estimation

B On-chip activity counters
# Counters can (theoretically) cover all hot spots
=» How many counters are sufficient?
# Hysteresis depends on the scheduling architecture of the OS.
=» Energy and temperature can be determined for arbitrarily short periods.
# Activity counters evaluated by software
¢ Flexible accounting procedures
» Software support for all micro architectural features required
# Activity counters evaluated by hardware (co-processor)
¢ Marginal overhead
¢ Unified OS interface for all HW-components could be possible
» Co-processor could also initiate thermal emergency procedures

Event-Driven Energy Characterization B ay
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E.4 Response Mechanisms

E.4 Response Mechanisms

1 Dynamic clock modulation

I g

Mormal clock

Pternal clock
Druty cyele
control

Hesultant
internal clock

11

4 Hardware support required (internally or with chip-set support
for asserting STPCLK#)

# Pentium 4: stop cycles are in the range of < 3 us.
& Pentium 4: response delay: 1 us

Reference: [Int02]
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2 HLT Cycles

E.4 Response Mechanisms

B Halting the CPU with the HLT instruction up to the next interrupt

50% power throttling of a Pentium IIT 866

20
§15_ L nw HIH# “I rnf
2 104
'™ Lh- by A--.-Mn
02 d"i‘:ime in Secgi?ds 0 !

# Short response delay, HLT instruction is part of the scheduler code
4 Maximum HLT period = timer interrupt period (typically 1-10 ms)
# Precise power throttling is impossible without feedback from energy

accounting.

# Coarse grained throttling compared to dynamic clock modulation

Event-Driven Energy Characterization
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3 Dynamic Frequency Scaling

E.4 Response Mechanisms

B Changing the clock frequency of the processor

# Increased CPU energy efficiency for memory intensive applications because
of reduced number of memory stall cycles
# Short response delay (e.g. 3.1 us for an Intel XScale 80200)

4 Optional combination with voltage scaling
(increased response delay due to voltage adjustment):

Power of a frequency/voltage scaled Pentium M

2
EoNgps-C-V

V-¢o
A\

oC

max

Reference: [Int00, Int03]

Power [watf]

0,844V
600 MHz

1,004 V

900 MHz

1100 MHz

1,180V 1,388V

1300 MHz

1,484V
1400 MHz

1,484V
1500 MHz

1484V
1600 MHz
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E.4 Response Mechanisms

4 Instruction Decode Throttling
# Throttling the forwarding of instructions from the L1-I-cache
to the instruction buffer.

4 Multiple throttling levels
Throttling level is set by writing a value in a control register.

# Core, caches and memory interface are clocked at a constant frequency
=» short response delay (a few cycles)

= easy to implement in hardware

=» no opportunity for voltage scaling
Reference:[SKO+97]
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ES5 ZEvent-Diriven Tempersture Control

E.5 Event-Driven Temperature Control

Bl Thermal model:

Heat Sink

Thermal Resistance

/

CPU

Energy(#Events) Energy(ATemp)
- Thermal .
Capacity
Temperature
Event-Oriven Energy Characlerization E.40
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ES5 ZEvent-Diriven Tempersture Control

1 Thermal Model

# The heat sink’s energy input consists only of the energy consumed by the
processor, and can be formulated as

t +At c: constant
_ _ m: mass of heat sink
cmAT = AQ = j P(t)dt AT: heat sink's temperature increase
t) AQ: difference of inner energy
P: CPU power consumption
At: elapsed time

which is transformed into

dT = L pdt = ¢,Pdt
cm

# The energy output of the heat sink is primarily due to convection
and can be formulated as

o r: thermal resistance
AQ = T-(T-Tp)-t = cmAT o: constant
T,: ambient temperature
which is transformed into
dT = —cy(T-T,)dt .
Event-Liriver: Energy Characterization gt
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ES5 ZEvent-Diriven Tempersture Control

1 Thermal Model

@ The heat sink’s energy output by heat radiation does not have to be
considered because the temperature is quit low (<60° celsius) and the
aluminium surface has a low radiation emitting factor.

# The two formulas are used as an approach to estimate the processor
temperature:

dT = [c;P—cy(T-Ty)ldt
Solving this differential equation yields [Kel03]

t C
T(t)=—-¢ " +—-P+T,

_C —C,
) G

# The values for ¢, ¢, and T, are

tium 4@2GHz with activ
7

[q 7
found with measurements of the Zs / // ]
processortemperature onasudden ¢ ; ‘, 1
constant power consumptionanda £ |
sudden power reduction to HLT g“ i
power. “ / ]
1 : 200 : 3000 4000 5000
time [s]
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ES5 ZEvent-Diriven Tempersture Control

2 Power Throttling using Energy Containers

B Estimation of temperature and target energy consumption in epochs

B Limitation of power consumption
& Periodic update of energy limits (e.g, 128 ms)
# Refreshing of containers consuming energy in the last epoch
# Throttling/halting the CPU, when energy exceeds threshold
4 Example: 4 compute intensive threads throttled to 50% peak power.

Thread 1
Thread 2

Thread 3

s n--ﬁMJw
Seconds

.
o
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ES5 ZEvent-Diriven Tempersture Control

2 Event-Driven Temperature Control

4 Example: Throttling when reaching a limit at 50°

degrees celsius

0 100

. 200 300
time (seconds)

4 Example: Throttling and cool-down when setting a limit at 50°

D
o)

ww coOmputed temperature
........................... == measured temperature

degrees celsius
n
N

W
(<)

4 300

. 200
time (seconds)
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F Clock Soaling

F Clock Scaling

F.1 Power/Performance Trade-Offs: Open Questions

B What kind of savings are possible for a specific thread?
B What is the expected loss in performance?

B How can the power/performance characteristics of an application
be determined without

# on-line power measurements?
4 hints from the application?

B How fast can the clock frequency/voltage be adjusted to the changing
characteristics of an application?

B How much overhead is acceptable?

Event-Driven Energy Characterization Ean
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F1 PowsyPerformance Trade-Ofe: Open Guestions

1 Performance Characterization

B Performance vs. clock frequency

2,4
2’2 E:a-'
2
——add reg
- call function
1,8 goto label
wides raad L1
1,6 ~¥--read/write L1
—@—read memory
14 = read/write memory
1,2 1
333 400 466 533 600 666 733
MHz MHz MHz MHz MHz MHz MHz
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F1 PowsyPerformance Trade-Ofe: Open Guestions

2 Power Characterization

B Power consumption vs. clock frequency:

1400 mW

1200 mW

1000 mW

800 mW

600 mW

400 mW

200 mW

0 mw

333 400 466 533 600 666 733
MHz MHz MHz MHz MHz MHz MHz

—4— add reg
- call function
goto label
- read/write L1
—@— read memory
—+- read/write memory
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F1 PowsyPerformance Trade-Ofe: Open Guestions

3 Efficiency Characterization

B Energy savings vs. clock frequency

25%

20%

15%

—4—add reg

10%

goto label

5%

Energy Savings

call function

-3 read/write L1
—8— read memory
== read/write memory

0%

-5%

-10%

333MHz 400MHz 466 MHz 533MHz 600MHz 666 MHz 733 MHz
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F1 PowsyPerformance Trade-Ofe: Open Guestions

4 Energy Efficiency vs. Performance

B Energy savings vs. performance loss for “factor’

‘ —o— Savings ~& Performance Loss
20,00%
.*
10,00% ¢
0,00%
™ =}
9] =}
» <
-10,00%
-20,00%
-30,00%
-40,00%
-50,00%
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F1 PowsyPerformance Trade-Ofe: Open Guestions

4 Clock Scaling: Energy Efficiency vs. Performance (2)

B Energy savings vs. performance loss for “grep”

‘—Q—Savings Performance Loss ‘

20,00%

15,00% \

10,00%

5,00%

0,00%
333 400 466

-5,00%

-10,00%

-15,00%
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F1 PowsyPerformance Trade-Ofe: Open Guestions

5 Voltage Scaling

B Clock frequency — voltage — energy efficiency
(Berkeley IpARM processor):
Reference:[PBB00]

100% A . o, 0 G s ¢
20% -
C
S -
S 60% - e DVS
§ e e = Fixed-Volt ge )
S 40% - E o Ngps-C-V
S
[}
] (V-¢o)
H20% 1.1V fnax = —v—
0%

% 0% 40% 6i1% 8% 180%
relative clock frequency
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F1 PowsyPerformances Trade-Ofe: Open Guestions

6 Non-Linear Properties of Li* Batteries

Rate Capacity Effect

T~

100 <

% initial capacity

75 N

| | ! i
g.1¢ 0.2¢ 0.5C 1C 20 5C  10C
Discharge rate

Coll voltage s

Continuous
chscharge

Recovery Effect

Intersmittent
discharge

Elapsed time of discharge .

Reference:[MS99]
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F1 PowsyPerformance Trade-Ofe: Open Guestions

7 Battery- & Memory-Aware DVS

B Power depends on speed/voltage & application [PLS01, FEL02]

B Respecting the rate capacity effect in memory-conscious DVS.

300

N
a1
o

200

—— Voltage Scaling

Memory Access Gap Effect

100

s \[ Oltage Scaling + Memory
Access Gap Effecte

Relative Discharge per Operation
&
o

u
o

- \[Oltage Scaling + Memory
Access Gap Effect + Rate
Capacity Effect

4

0

1 2

3 4 5 6 7 8
Normalized Clock Frequency

B Related work: solar power aware DVS
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F.2 Speed Setting Policies

F.2 Speed Setting Policies

1 Static frequency scaling

# Clock frequency for each application is determined according to
off-line power/performance analysis.

# Clock frequency is a static value of the process context

¢ Value is part of the binary

¢ OS provides system call interface for speed settings.

2 Dynamic frequency/voltage scaling (DVS)

# Clock frequency is periodically set for the complete system
* PAST [WWDS94, GCW95], Vertigo [FM02]
# Clock frequency for each application is dynamically adjusted according to

¢ Run-time requirements (deadlines, response times, performance)

* Run-time characteristics (execution speed depends on input data, inter-
process communication, 1/0O use, energy consumption)

* Run-time behavior of the system (load, battery capacity, temperature)

Event-Driven Energy Characterizetion Fsa
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F.2 Speed Setting Policies

3 Process Cruise Control

B Principles of operation

# The rates at which some events happen correspond
to a specific performance/energy-efficiency profile.

event
rates

current

CPU speed model policy

task

set new
CPU speed
(core voltage)

Reference:[WB02]
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F.2 Speed Seiting Policles
3 Process Cruise Control
i Event-based characterization
& Challenge:
¢ Selection of the appropriate events

— Clock cycles, retired instructions, L1 cache access,
memory/bus access...

* Finding the correlation between event rates and clock speed
for predefined power/performance demands.

& Methodology of event-based power/performance characterization:
¢ Countable events are triggered by synthetic training applications.
¢ Energy at various clock speeds is measured by a DAQ system.
¢ The rate of various events is determined.
¢ The performance of the training application is evaluated.

¢ For each training application the optimal clock speed is determined for a
predefined performance penalty.

Event-Driven Energy Characterizetion F 58
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F.2 Speed Setting Policies

3 Process Cruise Control

B Frequency domains for IQ80310
& Selection of events:

e Instruction rate is an indicator for performance loss.
¢ Memory request rate is an indicator for energy efficiency gains.

& Example: Partitioning of the event space into frequency domains
for a 10% loss in computational performance

333 MHz

Memory request rate

733 MHz

Instruction rate

Event-Driven Energy Characterization Euy
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F.2 Speed Setting Policies

3 Process Cruise Control: Measurements

Application |optimal speed |Process Cruise Control: Process Cruise Control:
clock scaling energy savings

grep 400 MHz 400 MHz 15%

gzip 466 MHz 466 MHz 10%

djpeg 600 MHz 533 MHz 8%

factor 600 MHz 600 MHz 4%

ghostscript dynamic <5%

733

clock frequency [MHz]
(63}
w
w

466
400
333 1 | I+ 1 Ll
1.5 2 25 3 3.5 4 4.5 5 55
time [s]
Event-Driven Energy Characterizetion F &8

& Frank Beliosa = Universily of Eriangen-Nimibarg » Compuler Scignce 4, » Uperating Syslams » 2002




F.2 Speed Setting Policies

4 Implementation Issues

il Policy implementation
# Scheduler-hooks or inlining?
# TLB effects of loadable modules
# Task-specific policies
# User-level policies
4 Floating point operations
B Response delays
# Raise of voltage before raise of frequency
# Many system clocks are derived from CPU clock frequency
=» pre-scaling, post-scaling driver calls

B Kernel interface
# sysfs: exporting kernel data structures and attributes to user space

Event-Driven Energy Characterization
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G Conclusion

G Conclusion

B Event-driven power/performance characterization can be accomplished

on the
& System level
& Task level

B Events cover all energy-related activities caused by the
# application
# interaction of applications
# interaction of application and operating system

B Events-driven power management is independent of specific applications

or workloads

=» Event-driven power/performance characterization
is the basis of energy-aware systems.

Event-Driven Energy Characterizetion
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G Conclusion
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Project

Milly Watt Project

Energy for computing is an important problem
(& not just for mobile computing)
— Reducing heat production and fan noise

— Extending battery life for mobile/wireless devices

— Conserving energy resources (lessen
environmental impact, save on electricity costs)

How does software interact with or exploit
low-power hardware?

© 2003, Carla Schlatter Ellis ESSES 2003 2




Milly Watt Project

Energy should be a “first class” resource
at upper levels of system design

— Focus on Architecture, OS, Networking,

Applications
HW / SW cooperation to achieve energy
goals
© 2003, Carla Schlatter Ellis ESSES 2003 3

The Energy Saving Spectrum

HW / SW Cooperation
4 A 2\
& b
* Low level «Voltage Scaling * High level
* Fine grain  « Clock gating » Coarse grain
* Low-power « Power modes: * OS, compiler or
Circuits Turning off HW blocks application

* Re-examine interactions between HW and SW,
particularly within the resource management functions
of the Operating System
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Lessons: Performance —> Energy

Latency techniques Analogous techniques for

Energy
Substitute a lower-latency . gpstitute a lower-power

coTﬂponen:r hv -Cachi component or mode.
— Memory Hierarchy -Caching. _ Voltage scaling

Reduce overhead on the

critical path. . Amortlze transitions in & out of
— Maintenance daemons hlgh power states
(time shift) — Time shifting

— No-copy (eliminate waste) « Reduce (not just hide) latency
Exploit Overlap for Hiding — Caching

Latency (HW parallelism) — No-copy (eliminate waste)
— Scheduling policies

© 2003, Carla Schlatter Ellis ESSES 2003 5

Plan of Lectures

« Wednesday morning: Explicitly managing
energy via the OS (ASPLOS02, USENIX03)

» Wednesday afternoon: Power-Aware memory
(ASPLOSO00, ISLPEDO1, PACS02)

* Friday morning: Display power management
(FaceOff, HOTOSO03)
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ECOSystem:

Managing Energy as a First-Class
Operating System Resource

© 2008, Carla Schiatter Ellis ESGES 2003

Outline

* Motivation / Context
e Design Issues & Challenges

* Mechanisms in the ECOSystem
Framework

* Prototype Implementation &
Experimental Evaluation

» Exploration of Policies
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Energy & the OS

Traditionally, the system-wide view of resources
and workload demands resides with the OS
— Explicitly managing energy will require
coordination with typical resource management

Energy is not just another resource

— Energy has a impact on every other resource
of a computing system — it is central.

— A focus on energy provides an opportunity to
rethink OS design

© 2003, Carla Schlatter Ellis ESSES 2003

Traditional Influences in OS
Design

Workload

Scientific computations

Services & API
Internal Structure

Policies /| Mechanisms

and Latency.

Hardware Resources
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Rethinking OS Design

What is the impact of changing the primary goal
of the OS to energy-efficiency rather than
(speed-based) performance?

Affects every aspect of OS services and
structure:

— Interfaces needed by applications that want to affect
power consumption

— Internal organization and algorithms
— Resource management policies and mechanisms

© 2003, Carla Schiatter Ellis ESSES 2003 11

Rethinking OS Design

Productivity applications,
Workload Games, Multimedia,
Web access,
Personal (PDAs),
Embedded,

E-Commerce.

Services & API

Metrics Internal Structure

Energy
efficiency

Policies /| Mechanisms

Hardware Resources
Processor, Memory, Disks, Wireless networking,

Mic & Speaker, Motors & Sensors, Batteries
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Initial Research Question

What can be done to achieve
energy-related goals

— by the OS

— without requiring applications to change
— with a whole-system perspective

= Energy Centric Operating System

© 2003, Carla Schiatter Ellis ESSES 2003 13

Related Work

Energy-unaware OS

— Low-power hardware, energy-aware compilers,
algorithm development

Services (Chase: MUSE)
Energy-aware OS with Unaware applications
— Per-device solutions (disk spindown, DVS)

Energy-aware OS with cooperating Energy-
aware Applications

— Flinn: Odyssey (fidelity-based), Bellosa: Coop 1/0O,
Nemesis OS

© 2003, Carla Schiatter Ellis ESSES 2003 14




Outline

/
Design Issues & Challenges

Mechanisms in the ECOSystem
Framework

Prototype Implementation &
Experimental Evaluation

Exploration of Policies

© 2003, Carla Schiatter Ellis ESSES 2003 15

ECOSystem Themes

1. Energy can serve as a unifying
concept for resource management
over a diverse set of devices.

2. We provide a framework for explicit
management of energy use:

— Energy accounting
— Energy allocation
— Scheduling of energy use

© 2003, Carla Schiatter Ellis ESSES 2003 16




Challenges

How to

» Represent the energy resource to capture its
global impact on system?

» Precisely define energy goals?
» Formulate strategies that achieve those goals?

= Develop a new energy abstraction:
currentcy

© 2003, Carla Schiatter Ellis ESSES 2003 17

Challenges

How to

* Monitor system-wide energy behavior?
 Attribute energy use to correct task?

» Break down power costs by device?

= Perform meaningful energy accounting:

Framework based on currentcy model and
resource containers

© 2003, Carla Schiatter Ellis ESSES 2003 18




Challenges

How to
» Manage the tradeoffs among devices?
» Handle the competition among multiple tasks?

 Reduce demand when the energy resource is
limited (when applications don’t know how)?

= Devise and enforce energy allocation and
energy-aware scheduling policies

exploiting the mechanisms in our framework.

© 2003, Carla Schiatter Ellis ESSES 2003 19

A Concrete Energy Goal:
Battery Lifetime

1. Explicitly manage energy use to achieve a
target battery lifetime.
» Coast-to-coast flight with your laptop

+ Sensors that need to operate through the night and
recharge when the sun comes up

2. If that requires reducing workload demand,
use energy in proportion to task’s importance.
Scenario:

* Revising and rehearsing a PowerPoint presentation
» Spelling and grammar checking threads
« Listening to MP3s in background

© 2003, Carla Schiatter Ellis ESSES 2003 20




Battery Properties/Models

12

Battery models provide

strategy: g \

Battery lifetime can 5 : \

be determined by g ° \

controlling discharge 3 +

rate. g z—%
Limiting availability 0

300 500 700 900 1100 1300 1500 1700 1900 2100
Battery Drain Rate (mA)

of currentcy.

© 2003, Carla Schiatter Ellis ESSES 2003 21

Discussion: other energy-
related metrics?
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Accounting Challenges

mW

Time———

© 2003, Carla Schlatter Ellis ESSES 2003

Assume fine grain
battery information —
What would we see?

Smart Battery Interface —
OK for coarse grain
measurements

23

Accounting Challenges

mW

Time———

© 2003, Carla Schlatter Ellis ESSES 2003

Associating observed
mW to current
program counter
(sampling technique).

3 tasks: blue, green,
and pink

Great for energy
debugging single task

24




Accounting Challenges

A7 A7 What are the
various hardware
components

mw contributing?

3 devices:
CPU (solid)
WNIC
disk

Time———

© 2003, Carla Schiatter Ellis ESSES 2003 25

Accounting Challenges

How to capture
Ap these two dimensions
' of the accounting
problem?

mW
Our choice:

Internal power
states model/
event-driven

Time—— Requires calibration

© 2003, Carla Schiatter Ellis ESSES 2003 26




Outline

Mechanisms in the ECOSystem
Framework

Prototype Implementation &
Experimental Evaluation

Exploration of Policies

© 2003, Carla Schiatter Ellis ESSES 2003 27

Unified Currentcy Model

Energy accounting and allocation are
expressed in a common currentcy.

Mechanism for

1. Characterizing power costs of accessing
resources

2. Controlling overall energy consumption
3. Sharing among competing tasks

© 2003, Carla Schiatter Ellis ESSES 2003 28




Mechanisms in the
Framework

Currentcy Allocation

 Epoch-based allocation — periodically
distribute currentcy “allowance”

Currentcy Accounting

» Basic idea:
Pay as you go for resource use —
no more currentcy =» no more service.

© 2003, Carla Schiatter Ellis ESSES 2003 29

Currentcy Flow

1. Determine overall amount of currentcy available per energy epoch.
2. Distribute available currentcy proportionally among tasks.

© 2003, Carla Schiatter Ellis ESSES 2003 30




Currentcy Flow

3. Deduct currentcy from task’s account for resource use.

© 2003, Carla Schiatter Ellis ESSES 2003 31

Outline

Prototype Implementation &
Experimental Evaluation

Exploration of Policies
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ECOSystem Prototype

* Modifications to Linux on Thinkpad T20
* Initially managing 3 devices: CPU, disk,
WNIC

 Embedded power model:
— Calibrated by measurement
— Power states of managed devices tracked

© 2003, Carla Schiatter Ellis ESSES 2003 33

ECOSystem Prototype

Modified Linux kernel 2.4.0-test9

— Interface for specifying input parameters
(target lifetime, task proportions)

— New kernel thread for currentcy allocation
— Simple implementation of resource containers

— Simple policies for allocation, scheduling, and
accounting.

© 2003, Carla Schiatter Ellis ESSES 2003 34




Resource Containers

Banga, Druschel, & Mogul, OSDI’99

Captures
— Kernel activity performed on behalf of task
— Tasks comprised of multiple processes
— Processes serving multiple tasks

© 2003, Carla Schiatter Ellis ESSES 2003 35

ECOSystem Prototype

IBM Thinkpad T20 laptop platform
— Power model — calibrated by measurements
— 650MHz Pl CPU: 15.5W active

— Orinoco 802.11b PC card:
doze 0.045W, receive 0.925W, transmit 1.425W

— IBM Travelstar hard disk

— Base power consumption of 13W captures
everything else and inactive states of above

© 2003, Carla Schiatter Ellis ESSES 2003 36




Hard Disk Power Model

Cost Timeout
Access 1.65 mJ

Idle1 1600 MW |[0.5s
[dle2 650 mW 2s
Idle3 400 mW 275s

Standby |0 mW

Spinup 6000 mJ

Spindown | 6000 mJ

© 2003, Carla Schiatter Ellis ESSES 2003 37

Discussion: How might you
account for display usage in
the ECOSystem framework?

© 2003, Carla Schlatter Ellis ESSES 2003




Device Specific Accounting
Policies

» CPU: hybrid of sampling and task switch
accounting

 Disk: tasks directly pay for file accesses,
sharing of spinup & spindown costs.

» Network: source or destination task pays
based on length of data transferred

© 2003, Carla Schiatter Ellis ESSES 2003 39

Experimental Evaluation

Validate the embedded energy model.
Can we achieve a target battery lifetime?

Can we achieve proportional energy
usage among multiple tasks?

Assess the performance impact of
limiting energy availability.

© 2003, Carla Schiatter Ellis ESSES 2003 40




Energy Accounting

Application |Currentcy |PC Back-of-
Model Sampling |envelope
Compute 8,236,720 mJ | 9,094,922mJ | 8,521,400 mJ
(max CPU)
DiskW 339,749 mJ 470 mJ 338,760 mJ
(disk alone)
NetRecv 810,409 mJ 286,012 mJ 506,900 mJ
(WNIC alone)

Running three tasks concurrently for 548 seconds

© 2003, Carla Schlatter Ellis

ESSES 2003
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Achieving Target Battery
Lifetime

» Using CPU intensive

benchmark and varying

overall allocation of
currentcy, we can
achieve target battery

lifetime.

© 2003, Carla Schlatter Ellis
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Achieved Battery Lifetime
(Hours)
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T
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Target Battery Lifetime (Hours)
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Proportional Energy

Allocation

w

/l Battery lifetime is

7 set to 2.16 hours

g

>< (unconstrained
would be 1.3 hr)

Overall allocation

—_

Ave Power Used (W)

equivalent
to an average power

o

O o~ o D o w o B

consumption of 5W.

70-30 60-40

50-50 40-60 30-70

-4~ |jpeg B Netscape
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ESSES 2003 43

Proportional CPU Utilization

—— Max at SW

= ljpeg
3 35
= 30 Performance of
2 compute bound
S g task (ijpeg) scales
S 10 proportionally with
g g currentcy allocation

30 40

50 60 70

Currentcy Allocation (%)
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Netscape Performance
Impact

35
2 5 Some applications
2 \\ don’t gracefully
F 5 N degrade with
8 45 \\\ drastically reduced
78)' 10 \_\ currentcy allocations
S 5
o
. 1

30 40 50 60 70
Currentcy Allocation (%)
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Outline

» Exploration of Policies
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ECOSystem Themes

1. Energy can serve as a unifying concept for
managing a diverse set of resources.
— We introduced the currentcy abstraction

2. A framework is needed for explicit management
of energy. [ASPLOS 02]

— We developed mechanisms for currentcy accounting,
currentcy allocation, and scheduling of currentcy use

3. We need policies to achieve energy goals.

© 2003, Carla Schiatter Ellis ESSES 2003 47

Previous Experiments

« Validated the embedded energy model.

« Demonstrated that we can achieve a
target battery lifetime.

» Demonstrated we can achieve

proportional energy usage among
multiple tasks.

© 2003, Carla Schiatter Ellis ESSES 2003 48




Research Questions

» How useful is the currentcy abstraction in
articulating more complex energy goals?

* How effective are the mechanisms in the
framework for manipulating currentcy in
implementing non-trivial policies?

 What weaknesses are exposed in the
currentcy model?

© 2003, Carla Schlatter Ellis ESSES 2003
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Manipulating Currentcy

» Overall currentcy » Per-task allocation
allocation — How much
— Static vs. dynamic — Handling of unused
— How often, how currentcy
much — Deficit spending?

« Accounting
— Pay-as-you-go
— Bidding & pricing
games

© 2003, Carla Schlatter Ellis ESSES 2003
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Challenges

1. To fully utilize available battery capacity
within the desired battery lifetime
with little or no leftover (residual)
capacity.

= Devise an allocation policy that balances
supply and demand among tasks.

Currentcy conserving allocation.

© 2003, Carla Schiatter Ellis ESSES 2003 51

Challenges

2. To produce more robust proportional
sharing by ensuring adequate spending
opportunities.

= Develop CPU scheduling that considers energy
expenditures on non-CPU resources.

Currentcy-aware scheduling.

© 2003, Carla Schiatter Ellis ESSES 2003 52




Challenges

3. To reduce response time variability
when energy is limited.

= Design a scheduling policy that controls the
pace of currentcy consumption.

© 2003, Carla Schiatter Ellis ESSES 2003 53

Challenges

4. To encourage greater energy efficiency
(lower average cost) for I/O accesses
on power-managed disks.

= Amortize spinup and spindown costs over
multiple disk requests by shaping request
patterns.

Buffer management and prefetching strategies.

© 2003, Carla Schiatter Ellis ESSES 2003 54




Experience

Identified performance implications of limiting
energy availability that motivate this work:

« Mismatches between user-supplied
specifications and actual needs of the task

» Other devices causing a form of priority
inversion

» Currentcy-starved behaviors (infeasible
goals)

© 2003, Carla Schiatter Ellis ESSES 2003 55

Challenges

1. To fully utilize available battery capacity
within the desired battery lifetime
with little or no leftover (residual)
capacity.

= Devise an allocation policy that balances
supply and demand among tasks.

Currentcy conserving allocation.

© 2003, Carla Schiatter Ellis ESSES 2003 56




Problem: Residual Energy

Allocations do not reflect actual consumption needs

© 2003, Carla Schiatter Ellis ESSES 2003 57

Problem: Residual Energy

A tasks unspent currentcy (above a “cap”) is being
thrown away to maintain steady battery discharge.

= Leftover energy capacity at end of lifetime.

© 2003, Carla Schiatter Ellis ESSES 2003 58




Currentcy Conserving
Allocation

Two-step policy. Each epoch:

1. Adjust per-task caps to reflect observed need
Weighted average of currentcy used in previous epochs.

© 2003, Carla Schiatter Ellis ESSES 2003 59

Currentcy Conserving
Allocation

2. Redistribute overflow currentcy

© 2003, Carla Schiatter Ellis ESSES 2003 60




Currentcy Conserving Allocation
Experiment

Workload:

— Computationally intensive ijpeg — image encoder

— Image viewer, gqview, with think time of 10
seconds and images from disk
* Performance levels out at 6500mW allocation.

— Total allocation of 12W, shares of 8W for gqview
(too much) and 4W for ijpeg (capable of 15.5W).

Comparing against total allocation “correction”
method in original prototype.

© 2003, Carla Schiatter Ellis ESSES 2003 61

Comparison to Auto-correction

¢ QU(?ry the smart battery Target vs. Achieved Battery Lifetime

periodically 24 , |
] Target +

* Make adjustment to the |3 22} o/ corrortiom —=— L
overall currentcy each 3 o comection e A
epoch to correct any error |~ A
introduced by our models. £ 18t . e

* In this test | e

— we set the power sl g
consumption of CPUtobe |2 1.4} 7«
14W instead of measured | = et
15.5W g L2«

— Run a CPU intensive 1 . . . . .
benchmark w/ and w/o auto L9 1.4 L6 1.8 9 9.9 2.4
correction o

Target Lifetime (hours)
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Power (mW)

Currentcy Conserving Allocation
Results

6.7% remaining <1% remaining
20060
; 14000 b Potal Avaiiab%f Alliocation
asoe0 Tl éxraﬁlab,j;? E&llac:at;ig}ﬂ/ 12004 =
204600 ¢ \’\\‘ 1 A00aa ihy
15060 + BEND ¢ ,
6000 SRV AR
10000 s
e
BO00 S — 006k
5 , ey , 5
& LoGs 2008 A0 G000 SO0 ] 1000 2000 3005 4000 5000
Battery Lifetime {seconds) Battery Lifetime (seconds)
Total allocation correction Currentcy Conserving
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Currentcy Conserving Allocation
Results

25000 ——
ggviewy —t—
ijpeg ---w--
20000
B
15000 !

total alloc
10000

Power (mW}

- gqview alloc

w%%zj i
5000 7 44 ijpeg alloc
0 ! 1
1000 10240 1040 1660 1080 13100
Battery Lifetime (seconds)
<19 ini i
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Challenges

2. To produce more robust proportional
sharing by ensuring adequate spending
opportunities.

= Develop CPU scheduling that considers energy
expenditures on non-CPU resources.

Currentcy-aware scheduling or energy-centric
scheduling.

© 2003, Carla Schiatter Ellis ESSES 2003 66

Problem: Scheduling/
Allocation Interactions

 Allocation shares may be appropriately specified and
consistent with demand, but the ability to spend
depends on scheduling policies that control the
opportunities to access resource.

 Periority Inversion — a task with small allocation but
large CPU component can dominate a task with
larger allocation but demands on other devices.

» Scheduling should be “aware” of currentcy
expenditures throughout the system.
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Problem: Scheduling/
Allocation Interactions

« Traditional schedulers
— Explicitly deal with CPU
time and processes on
ready queue
— May implicitly compensate
for time spent off ready /
queue

« Energy-aware

— Deals with energy use
outside of CPU ‘

— Currentcy explicitly captures
progress using multiple
devices

68
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Energy-Centric Scheduling

» The next task to be scheduled for CPU is the
one with the lowest amount of currentcy spent
in this epoch relative to its share
— Captures currentcy spent on any device.

« Dynamic share — weighted by the task’s static
share divided by currentcy spent in last epoch.
— Compensation for previous lack of spending
opportunities

© 2003, Carla Schiatter Ellis ESSES 2003 69




Energy-Centric Scheduling
Experiment

 Workload:

— Computationally intensive ijpeg

— Image viewer, gqview, with think time of 10
seconds and disk access (700mW)
» Performance levels out at 6500mW allocation.

— Given equal allocation shares, total
allocation varied

« Comparing against round-robin and stride
based on static share value.

© 2003, Carla Schiatter Ellis ESSES 2003 70

Energy-Centric Scheduling

= 7000 VR UOREmOT 1o

= 6000

;% 5000 - Power Allocation

g

w3000 b

1

=

1000
Q £,
40300 000 ] TO 2000

Power Allocation (mW)
/M Linux BSiride @EC

Gqview power consumption
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Energy-Centric Scheduling
- Results

£ 12000
B
= 10000
=
% 8000
g 6000 Power Allocation
3
;} 4000
z
= 2000
{
£000 5000 GO0 TO00 5000
Power Allocation {nW)
|W Linux BStride
lipeg power consumption
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Energy-Centric Scheduling
Results

Processing Delay (mW)

4000 G000 G000 000 G000

Power Allocation (mW)
[MLim trid i
lipeg delay
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Challenges

3. To reduce response time variability
when energy is limited.

= Design a scheduling policy that controls the
pace of currentcy consumption.
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Response Time Variation

Power |Delay - Ave. Std.
(mW)  |range (s) (s) Dev.

Unconstrained | 2197 |0.27-0.68 [0.43  |0.11

Epoch 1212 |1.0-33.8 |3.8 5.8
length

Self-pacing {1199 |3.3-5.6 4.0 0.6

© 2003, Carla Schiatter Ellis ESSES 2003 76

Challenges

4. To encourage greater energy efficiency
(lower average cost) for I/O accesses
on power-managed disks.

= Amortize spinup and spindown costs over
multiple disk requests by shaping request
patterns.

Buffer management and prefetching strategies.
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Benefits of Currentcy

Currentcy abstraction

* Provides a concrete representation of energy
supply and demand — allowing explicit
energy/power management.

» Provides unified view of energy impact of different
devices — enabling multi-device, system-wide
resource management

— Comparable, quantifiable, tradeoffs can be expressed

* Encourages analogies to economic models —
motivating a rich set of policies.

© 2003, Carla Schiatter Ellis ESSES 2003 80

Future Work/Open Questions
with ECOSystem

Using currentcy and ECOSystem to explore

— More of the policy design space: other energy
goals, other objectives, other approaches to
achieve these objectives

— The power of economic models based on currentcy
— Application assistance by extending API
— Admission control

— Including more components of the system: display,
virtual memory,
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Power-Aware Memory
Management

© 2008, Carla Schiatter Ellis ESGES 2003

Outline

Motivation for memory power/energy
management and the opportunity

Hardware power management
OS page allocation policies
Experimental results

Future work, open questions

© 2003, Carla Schlatter Ellis ESSES 2003
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Previous Architecture/OS Energy Studies:

© 2003, Carla Schlatter Ellis

Memory: The Unturned Stone

Disk spindown policies [Douglis, Krishnan, Helmbold, Li]
Processor voltage and clock scaling [weiser, Pering, Lorch,

Farkas et al]

Network Interface [Stemm, Kravets]
Mems-based storage [Nagle et al]
Application-aware adaptation & API [Flinn&Satyal]

But where is main memory management?

Power Aware Page Allocation [ASPLOS00]

ESSES 2003
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Memory System Power Consumption

Laptop Power Budget

9 Watt Processor

Handheld Power Budget

1 Watt Processor

B Memory

B Memory
& Other

» Laptop: memory is small percentage of total

power budget

 Handheld: low power processor, memory is more

important

ESSES 2003




Opportunity: Power Aware
DRAM

* Multiple power states Read/Write
— Fast access, high Transaction Rambus
power RDRAM

—Low power, slow

. N_ew take on memory +6000
hierarchy “ //////%//é///////////

 How to e?cploit o
opportunity?

Power States

+6 ns
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RAMBUS RDRAM Main
Memory Design

Part of Cache Block

Active  Standby  Power Down
» Single RDRAM chip provides high bandwidth per access
— Novel signaling scheme transfers multiple bits on one wire
— Many internal banks: many requests to one chip

» Energy implication: Activate only one chip to perform access at
same high bandwidth as conventional design

© 2003, Carla Schiatter Ellis ESSES 2003 87




Conventional Main Memory
Design

Part of Cache Block

Active Active Active Active

* Multiple DRAM chips provide high bandwidth per access
— Wide bus to processor
— Few internal banks

» Energy implication: Must activate all those chips to perform access
at high bandwidth

© 2003, Carla Schiatter Ellis ESSES 2003 88

Opportunity: Power Aware
DRAM

* Multiple power states Read/Write
— Fast access, high Transaction | Mobile-RAM
power Power States

—Low power, slow
access

* New take on memory
hierarchy

* How to exploit
opportunity?

89
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Exploiting the Opportunity

Interaction between power state model and
access locality

 How to manage the power state
transitions?
— Memory controller policies
— Quantify benefits of power states
* What role does software have?

— Energy impact of allocation of data/text to
memory.

© 2003, Carla Schiatter Ellis ESSES 2003 90

Power-Aware DRAM Main
Memory Design

* Properties of RDRAM
allow us to access
and control each chip
individually

« 2 dimensions to affect
energy policy:

HW controller / OS

* Energy strategy:

— Cluster accesses
to already
powered up chips

- Interaction
between power
state transitions
and data locality

Software
control

ax

///// Page Mappmg

//// Allocation /
4

Hardware

control \

ctrl

Chip
0

Active Standby
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Outline
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OS page allocation policies
Experimental results
Future work, open questions
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Dual-state HW Power State
Policies e

* All chips in one base state

* Individual chip Active
while pending requests

* Return to base power
state if no pending access

Active

No pending

access access

l l Standby/Nap/Powerdown

Active
l Access T
Base —

Time
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Quad-state HW Policies

access access

* Downgrade state if no
access for threshold time
* Independent transitions
based on access pattern to
each chip
+ Competitive Analysis
— rent-to-buy
— Active to nap 100’s of ns
— Nap to PDN 10,000 ns

no access for
Ts-n

access
access

-

Active
STBY | |
pdar) I l

l Access PDN |

© 2003, Carla Schiatter Ellis ESSES 2003 Time 94

Outline

OS page allocation policies
Experimental results
Future work, open questions
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Page Allocation and Power-
Aware DRAM

» Physical address
determines which
chip is accessed

» Assume non-
interleaved memory
¢ Addresses 0 to N-
1to chip 0, N to
2N-1 to chip 1,
etc.

» Entire virtual
memory page in
one chip

Virtual memory
page allocation
influences chip-
level locality

Page Mappmg

/2/;?//// Allocation /
2

B

Virtual Memory Page
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Page Allocation Polices

Virtual to Physical Page Mapping

« Random Allocation — baseline policy
— Pages spread across chips

» Sequential First-Touch Allocation

— Consolidate pages into minimal number of chips
— One shot

* Frequency-based Allocation
— First-touch not always best
— Allow (limited) movement after first-touch
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Outline

Experimental results
Future work, open questions
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The Design Space

Random Sequential
Allocation Allocation
Dual-state 1 2 2 state
Hardware | simple HW Can the OS help? model
uad-state 3 4
Q Sophisticated HW Cooperative
Hardware HW & SW

99
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Methodology

Metric: Energy*Delay Product

— Avoid very slow solutions
Energy Consumption (DRAM only)

— Processor & Cache affect runtime

— Runtime doesn’t change much in most cases
8KB page size
L1/L2 non-blocking caches

— 256KB direct-mapped L2

— Qualitatively similar to 4-way associative L2
Average power for transition from lower to higher state
Trace-driven and Execution-driven simulators
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Methodology Continued

* Trace-Driven Simulation

— Windows NT personal productivity applications (Etch at
Washington)

— Simplified processor and memory model
— Eight outstanding cache misses
— Eight 32Mb chips, total 32MB, non-interleaved

» Execution-Driven Simulation
— SPEC benchmarks (subset of integer)
— SimpleScalar w/ detailed RDRAM timing and power models
— Sixteen outstanding cache misses
— Eight 256Mb chips, total 256MB, non-interleaved
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Dual-state + Random Allocation
(NT Traces)

2.42 2.25 1.82 4.94

1.2

g 1-
a
> 0.8 1 @ Active
o ®
£ 06 Standby
- B Nap
(0]
.(_%1 04 - B Power Down
€
s 0.2 4
Z

0 4

acrord32 compress go netscape powerpnt  winword

2 state
model

» Active to perform access, return to base state %
» Nap is best ~85% reduction in E*D over full power
» Little change in run-time, most gains in energy/power
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Dual-state + Random Allocation
(SPEC)

N
N

-
o

o
[

o
»

Normalized Energy*Delay
o
[o)]

o
(V)

o
o

bzip compress go gce vpr

» All chips use same base state
» Nap is best 60% to 85% reduction in E*D over full power
» Simple HW provides good improvement
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Benefits of Sequential Allocation
(NT Traces)

1.20
s
o 1.00 -
a
§ 0.80 - @ Active
o B
£ 0.60 Standby
T B Nap
_% 0.40 + B Power Down
€
5 0.20
2
0.00

acrord32 compress go netscape powerpnt  winword

» Sequential normalized to random for same dual-state policy

* Very little benefit for most modes
— Helps PowerDown, which is still really bad
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Benefits of Sequential Allocation
(SPEC)

12 96 28 102 ] 7 111 56 857 258
2 10 @ Active-rand
53 o O Active-seqg
§ ) & Stby-rand
a -
2 06 7 Sthy-seq
b @ Nap-rand
2 04 Nap-seq
£ B Pdn-rand
s
% @ Pdn-seq

o
(X

0.0

bzip compress go gee vpr
» 10% to 30% additional improvement for dual-state nap
» Some benefits due to cache effects

106
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Results (Energy*Delay product)

Random Sequential
Allocation Allocation
Dual-state | Nap is best 10% to 30%tf -
60%-85% improvement for state
Hardware mprovement nap. Base for model
future results
uad-state What about Smart HW and 4 stat
O smarter HW? OS support? mzdae?
Hardware
© 2003, Carla Schiatter Ellis ESSES 2003 107

Quad-state HW (SPEC)

1.8
1.6
1.4 -
1.2
1.0 -
0.8 -
0.6 -
0.4 -
0.2
0.0 -

& Dual-Nap-Seq
& Quad-Random
B Quad-Sequential

Normalized Energy*Delay

.. $
SR & $ Ry RS,

)
s

» Base: Dual-state Nap Sequential Allocation
* Thresholds: Ons A->S; 750ns S->N; 375,000 N->P

* Quad-state + Sequential 30% to 55% additional improvement over
dual-state nap sequential

*  HW/ SW Cooperation is important
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Threshold Sensitivity: Quad-state HW
+ Sequential Allocation (NT)

1.55

2.14 5.41

@ 10/500
& 50/2.5k
& 100/5k
& 200/10k
@ 1k/50k
@ 2k/100k

netscape powerpnt  winword

acrord32 compress go

* Quad-state vs. Dual-state nap sequential
» Bars: active->nap / nap ->powerdown threshold values
» Additional 6% to 50% improvement over best

dual-state
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Results (Energy*Delay product)

Random Sequential
Allocation Allocation
Dual-state g‘f:l_';:t?t Additional » state
Hardware policy 10% to 30% model
60%-85% over Nap
Improvement not BfSt Appgoach:
Quad-state | obvious, gﬁ’ I’LO 55% over 4 state
Could be equal ual-nap-seq, model
all active.
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Outline

Future work, open questions
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Better Page Allocation
Policies?

Intuitively, first-touch will not always be best
Allow movement after first-touch as “corrections”
Frequency-based allocation

Preliminary results

— Offline algorithm: sort by page count

— Allocate sequentially in decreasing order

— Packs most frequently accessed pages into first chip

— Provides insight into potential benefits (if any) of page
movement and motivate an on-line algorithm
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Frequency vs. First-Touch (NT)

1.2
1
0.8 -

O dual-nap-seq
uad-first-touch
uad-frequency

Normalized Energy*Delay
o
o

O
&
«

& P Y
fo‘}d\b&(&@# &@&
« Base: dual-state nap sequential

» Thresholds: 100 A->N; 5,000 N->PDN
» Opportunity for further improvements beyond first-touch
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Hardware Support for Page
Movement

» Data collection hardware
— Reserve n pages in chip 0 (n=128)
— 10-bit saturating counter per physical page
* On-line Algorithm
— Warmup for 100ms, sample accesses for 2ms
— Sort counts, move 128 most frequent pages to reserved
pages in hot chip, repack others into minimum number of
chips
* Preliminary experiments and results
— Use 0.011ms and 0.008mJ for page move
— 10% improvement for winword
— Need to consider in execution-driven simulator
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Determining Thresholds in
Power State Transitions

i = request L Th L <ThH £t
% = gompletion

of “last” access ¢ ¢ * ¢ ¢¢ * L *
= N0 actess : :

>Th

Active
Standby
Nap

==z transaction cycie

Power Down

L 4

If (gap > benefit boundary) threshold = 0 //but gap unknown

For exponential gap distributions, large average gap, Th = 0 is best
/lunfortunately, gap distributions are not generally exponential
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History-based Prediction in Controller

1.2

& Dual-nap
& Quad

B Gap

& ideal

Normalized E*D
o

acrord32 compress netscape powerp
» Sequential page allocation, NT traces
* |deal: offline policy, delay = all active, minimize power
» Gap policy: History-based prediction
— If predicted gap > benefit boundary, immediately transition

winword
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DVS/PA-Memory Synergy

» With power-aware memory considered,
the lowest speed/voltage is not necessarily
lowest energy choice.

 Memory access behavior must enter into the
speed-setting decision

* The best memory controller policy may
depend on the speed setting. Memory

controller policy should be adaptive in that
case.
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Effect of PA Memory on Total
Enerqy with DVS

Aggressive Memory —#—

51 Naive Memory ——%-— |
Aggressive Total 8-~
Naive Total —a8—

4 K —

Energy (ml)
B
\
\

& hi— 1 + ¥
O I 1 1 L 1
0 200 400 600 800 1600
CPU Frequency (MHz)
a) 2% Miss Ratio
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Conclusion

« New DRAM technologies provide opportunity
— Multiple power states

» Simple hardware power mode management
is effective

» Effects of operating system page allocation

» Cooperative hardware / software (OS page
allocation) solution is best

» Power-aware memory complement DVS
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Display Management:
Sensing User Intention and
Context
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Outline

Motivation and Research Obijective
FaceOff Architecture and Prototype

Evaluation
— Best Case Feasibility Study
— Responsiveness Study

Future Work
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Motivation

» Current energy management techniques tied
to process execution

« Can we use low power sensors to match 1/O
behavior more directly to user behavior and
reduce system energy consumption?

Sensing User Intention and Context
for Energy Management
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Case Study: FaceOff

 Displays:
— Typically responsible for large power drain
— Power State can be controlled by software
— State transition strategies naive
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Image Capture

Face Detector

Main Control
Loop

No Face=off

Face=on
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Prototype

« IBM ThinkPad T21 running RedHat Linux

— Base Power Consumption = 9.6 Watts
— Max CPU = 8.5 Watts over Base
— Display = 7.6 Watts

» Logitech QuickCam Web Cam

— Power Consumption = 1.5 Watts

» Software components:

— Image capture, face detection, display power state
control
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Face Detection

» Skin detection used for prototype
* Real time proprietary methods exist
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Outline

« Evaluation
— Best Case Feasibility Study
— Responsiveness Study

Future Work
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Best Case Feasibility Study

» What is the potential for energy savings?
— Assume Zero Overhead and Perfect Accuracy
» Tradeoff of energy costs:
— CPU/Camera vs. Display
» Effect on System Performance
— Network file transfer (113 MB)
— CPU intensive process (Linux kernel compile)
— MP3 Song (no display necessary)

© 2003, Carla Schiatter Ellis ESSES 2003 131




Power (Watts)

File Transfer Traces
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Energy and Time Comparisons

679542 | 4791.19 2949

Transfer | 3486 | 3613 | 0.7
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MP3 Application

* Playing an MP3
— Display not necessary
— Song completes before default timeout turns off
display
« Energy comparison
— 3,403 J with FaceOff vs. 4,714 J with Default
— 28% energy savings

* No noticeable effect on playback
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Responsiveness Study

» Use full prototype including skin
detection

« Establish baseline timing

« Examine Responsiveness
— varying system load
— varying polling rate
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Responsiveness Timing

«—— polling Jle detecton ____ ]
latency latency
Face arrives (or departs) Image acquired detection complete
display signaled
< Total responsiveness latency >
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Baseline Detection Latency

» Measured over a period of one hour
with no programs other than
background processes running

« Latency increased over time
— Started at ~110ms
— Increased to ~160ms
— Why?

» Appears to be an effect of Linux scheduler
reducing priority of long running jobs
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Detection Latency over Time

Detection Latency over Time
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Detection Latency Under

Load
Workload | Average |Maximum | Minimum
(99% Confidence)

Network 175+7ms 305ms 116ms
Transfer

Kernel 230+5ms 669ms 51ms
Compile

MP3 Song | 154+3ms 229ms 84ms

Outline
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Varying Polling Rate

» Reduce overhead by reducing polling rate
— Increases responsiveness latency

» Adaptive polling rate
— Eliminate polling in presence of Ul events

— Begin polling as duration without Ul events
increases and face is detected

— Reduce polling when no face present
» Similar problem with latency increase upon return
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Optimization with Motion
Sensor

Combine adaptive polling & motion sensing

Meet responsiveness requirements with
minimal FaceOff system overhead

Eliminate image polling when no motion

Switch display state on immediately when
motion detected and restart image polling

© 2003, Carla Schiatter Ellis ESSES 2003 143




Implementation

» Prototype using X10 ActiveHome
Wireless Motion Sensor and Receiver
— Receiver connects to serial port
— Reading port blocks until sensor triggers
— Takes up to 10 seconds to recharge

* Promising addition to FaceOff system
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More Roles for Sensors

* Touch Sensor
— Detect picking up of a PDA

 Light, Sound sensors
— Adjust display brightness (Compaq iPAQ)
— Adjust speaker volume

« 802.11 Signal Strength sensor

— Determine possibility of offloading
computation
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Enhanced Sensors

» “Active Camera”

— Perform some or all of the face detection
 Color filtering

— Preprocessing skin color segmentation

» Low Power processor for external
sensor control, computation
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Discussion: Other ideas for
using sensors to save
energy?
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Related Work

« Display Power Management

— Industry Specifications
 APM, ACPI, DPMS

— Zoned Backlighting

— Energy-Adaptive Display System Design
» Attentive/Perceptual Uls

— Smart Kiosk System: Gesture analysis

— CAMSHIFT: Game control

— IBM PupilCam: Head gesture recognition
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Future Work

» Continue work on optimizing responsiveness

« Comprehensive user study
— Survey of usability
— Characterization of usage patterns
* End-to-end experiment
* Implementation with available very low power
camera/motion sensor and prototype for
small device (handheld)
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Conclusions

« Context information offers promising
method of energy management

» FaceOff illustrates feasibility of
approach

« Available very low power sensors as
well as optimization techniques would
improve upon the FaceOff energy
savings
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Milly Watt Project

People: Angela Dalton, Xiaobo Fan, Alvy
Lebeck, Amin Vahdat, Heng Zeng

Emails: carla@cs.duke.edu

{angela,xiaobo,alvy,vahdat,zengh}@
cs.duke.edu

Info: http://www.cs.duke.edu/ari/millywatt/
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