
Context Sensitive Adaptations for 
End-to-End Energy Management

Shivajit Mohapatra

Nalini Venkatasubramanian

Distributed System Middleware Group
School of Information and Computer Science

University of California, Irvine





Motivation
� Power Optimization in battery operated mobile devices is a 

crucial research challenge

� Devices operate in dynamic distributed environments.

� Future power management strategies need to be aware of 
global system context

� A context aware reflective middleware framework is 
effective in saving power because it

� is cognizant of system wide changes

� has control and knowledge of executing middleware services 
and user applications

� can dynamically reconfigure itself to adapt to changing system 
and power conditions at a low-power device
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Need high degree of “ network 
awareness”  and “ customizability”
� congestion rates, mobility patterns etc.
� QoS driven resource provisioning
� Heterogeneous networks
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� Heterogeneous devices
� Limited battery lifetime
� Size/weight limitations
� Computation/Communication 
constraints

Application

Context

Application Context
� Varying QoS,security,reliability demands
� Soft Real Time Constraints 
� Support for traditional media (text, images) 
and continuous media (audio/video)
� Synchronization (e.g. lip sync., floor control)
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SSystem support for multitude of components
� attach and detach from a distributed infrastructure
� Deal with large vol. of information at a high rate
� Changing global system state



• Portable devices have limited resources due to their
modest sizes and weights

• CPU processing power, memory
• Smaller Displays
• Internal Storage
• Limited Battery Life
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• Several interesting research efforts have aggressively 
tried to optimize power for individual components.

� Solutions – at different abstraction levels
� Application, Middleware, OS, Architecture
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Architecture

Architecture
(cpu, memory)Operating System

DVS, DPM, Dr iver
Inter faces, system callsUser /Application

Quality of Service
Application/user  feedback

• Soderquist (ACM Multimedia 97)
• Azevedo (AWIA 2001)
• Hughes, Adve (MICRO 01, ICSA 01)
• Brooks (ISCA 2000), Choi (ISLPED 02)
• Leback  (ASPLOS 2000),  Microsoft’s ACPI

• Ellis, Vahdat (EcoSystem, Cur rentcy, ASPLOS 02) 
• Hao, Nahrstedt (ICMCS 99, HPDC 99, Globecom)
•DVS (Shin, Gupta, Weiser , Sr ivastava, Govil et. al.)
•DPM (Douglis, Hembold, Delaluz, Kumpf et. al.)
•Chandra (MMCN 02), Katz (IEICE 97), Chou(02)
•Feeney, Nilson ( Infocom 2001)

• Flinn (ICDSP 2001), Yau (ICME 2002)
• Kr intz, Wolski (UCSD)
• Noble (SOSP 97, MCSA 1999)
• L i (CASES 2002), Othman (1998)
• Abeni (RTSS 98)
•Rudenko ( ACM SAC 99), Satyanarayan (2001)
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• Limited co-ordination between the different 
computation layers (Architecture, OS, application)

• Lack of generalized framework
• Example  (DVS in presence of architectural opt.) 

• Do not exploit global system knowledge 
• Network congestion levels
• Device mobility information

CrossCross--layer coordination directed by a distributed layer coordination directed by a distributed 
middleware framework can effectively address middleware framework can effectively address 

the above limitations.the above limitations.
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Architecture

Architecture
(cpu, memory)Operating System

DVS, DPM, Dr iver
Inter faces, system callsDistr ibuted Middleware

Distr ibuted Adaptation
Cross-Layer  Adaptation

Appl. specific AdaptationUser /Application

Quality of Service
Application/user  feedback

PROXY-BASED ADAPTATION for  POWER AWARENESS
• Shenoy(transcoding), Chandra(netwrk), Mohapatra (OS, arch, network + transcoding)

CROSS-LAYER ADAPTATION
• GRACE (I llinois),  FORGE/DYNAMO (UCI)

• Mohapatra(ICDCS, MWCN 2003), Xu (DCS 03) 
• Forge Project UCI  (ACM MM, RTAS, CIPC 03
• Nahrstedt ( Grace, UIUC  - MMCN 2002, 2003)
• Shenoy (MMCN 2002), RajKumar (ICDCS 2003)

Distributed Adaptation
Cross-Layer Adaptation

Application specific Adaptation



To build a power-cognizant distributed middleware framework that can 
o exploit global changes (network congestion, system loads, mobility patterns)
o co-ordinate power management strategies at different levels 

(application, middleware, OS, architecture) 
o maximize the utility (application QoS, power savings) of a low-power device.
o study and evaluate cross layer adaptation techniques for performance vs. quality vs. 
power tradeoffs for mobile handheld devices.

Objective

Wide  Area  
Network

Wireless  
Network

Low-power
mobile device

proxy

Use a Proxy-Based Architecture

Network Infrastructure

Execute Remote Tasks

Caching Compress

DecryptionEncryption

Compositing Transcode
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Architecture

Operating System

Distr ibuted Middleware

User /Application

Directory
Service

Proxy

GLOBAL
PROXY BASED ADAPTATION

network

Cross-Layer Adaptations

• Communication between layers
• cache parameters
• battery energy level
• user QoS

• Need well defined API interface
• Coordinate local and global info

• Communication between middleware
on proxy and device

• network congestion levels
• transcoded video quality levels
• payload related control information

• Need well defined API interface



Our Work Focus
� Develop Theoretical Foundations

� Algorithms for Application Aware Context Sensitive 
Adaptation

� Platform Development
� APIs & Services for cross-layer adaptation

Today’s Discussion

� Distributed Service Reconfiguration

� Cross-Layer Adaptation



Distributed Service Reconfiguration

� Applications can avail one or more of the middleware services
� Applications use middleware services through exported 

interfaces

M i d d l e w a r e    R u n t i m e

Security Scheduling Clock Sync

Msg. Ordering Caching

Location mgmt.

Reliable messaging

Video StreamingVideo Streaming
Online banking 

App
Online banking 

App
Speech to TextSpeech to Text

SMS, Secure
Telnet, FTP etc.
SMS, Secure

Telnet, FTP etc.

Example
Middleware 

services

Runtime

Applications
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� Design power-aware middleware that can implicitly reconfigure 
itself for providing energy gains

Approach:
Identify “energy intensive” middleware components to be 
dynamically migrated to a proxy
� What to reconfigure?

� computation/communication characteristics of 
middleware components (use Profiling)
� Current residual power of the device

� When to reconfigure?
� Identify set of policies that dictate how often or under 
what conditions reconfigurations should be initiated

Goal 



Reconfigurable Middleware

P A R M    R u n t i m e

M1 M3 M4

M5 M6

M2
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Proxy ServicesProxy Services

P A R M    R u n t i m e
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APPLICATIONSAPPLICATIONS

PROXY
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Optimization
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Low-power
mobile device
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Services

AP

� Cast the distribution problem as a “Source Parametric Flow 
Network”.

� Use Current residual energy at device to make the flow 
graph “source parametric”

How to maintain an optimized component distribution under
dynamic device power conditions?

Problem



Energy Characterization
Device Energy

Computation Energy Communication Energy

Total Energy

Energy cost at device due to 
computation  when 
component ‘k’ executes on 

(a) PROXY  (ECk
proxy)

(b) DEVICE (ECk
device)

Energy cost at device due to 
communication  when 
component ‘k’ executes on 

(a) PROXY  (CCk
proxy)

(b) DEVICE (CCk
device)

Let X and Y be the set of components mapped to the device 

and proxy respectively

� Objective is to optimize the term

� k� X ECdevice
k +  � k� X CCdevice

k

+ � k� Y ECproxy
k + � k� Y CCproxy

k



Source Parametric Flow Graph

D P

device proxy

Rd

Rp

Runtime on Device

Runtime on Proxy

M1

M2

Mn

A1

� � � �� � � � 	 
 �� � 
 ��� ��
� � � � � ��� 	 �� � � � � � � � ��� �

� ���� � �� � � � 
 �

infin
ite

Ap

A2

An

B1

� � � �� � � � 	 
 �� � 
 ��� ��
� � � � � ��� 	 �� � � � � � � � ��� �

� ���� � �� � � �� � �
Bd

in
fin

ite

B2

Bn

X1

Yn

� � ��� � �
 �� � � � � ��� 	 �� � ��� � �� � � �� � ���� � � �� � � �� � � � � � �� � ��� � �� � 
 �
 ��� �
� � � � 	 
 ��� � � 
 �� ��� � �� ��� � � 
 � ���� � � 
 �� � ! �� � 
 ��� ��� � �� �� � � � �� � � � 
 �� ��
� � ��� � �
 �� � � � � ��� 	 �� � ��� � �� � � � 
 ���� � � �" � � �� � � � � � �� � ��� � �� � 
 �
 ��� �
� � � � 	 
 ��� � � 
 �� ��� � �� ��� � � 
 � ���� � � 
 �� � ! �� � 
 ��� ��� � �� �� � � � �� � � � 
 �� ��

Xn

Y1

Y2

X2



High Level Algorithm

� The minimum cut of the graph determines 
which components can be moved to the proxy.

� Can be solved using a modified FIFO Pre-Flow 
push algorithm. Complexity = O(n3)

FOR (each reconfiguration interval) DO
BEGIN

o update list of components/residual energy on device
o generate network flow graph
o determine component partitioning (min cut)
o IF (new partition) 

o reconfigure components between device and proxy
END



Gain in Time of Service vs. Time
(reconfig freq = 5 mins)
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• Spikes in the graph represent the reconfiguration points
• Depending on the types of applications chosen, we observed

a increase in the service time between 15-35 minutes over a
period of 2 hours.



Our Work Focus
� Develop Theoretical Foundations

� Algorithms for Application Aware Context Sensitive 
Adaptation

� Platform Development
� APIs & Services for cross-layer adaptation

Today’s Discussion

� Distributed Service Reconfiguration

� Cross-Layer Adaptation
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Cross-Layer Adaptations

• Communication between layers
• cache parameters
• battery energy level
• user QoS

• Need well defined API interface
• Coordinate local and global info

• Communication between middleware
on proxy and device

• network congestion levels
• transcoded video quality levels
• payload related control information

• Need well defined API interface
•



DVS Scheduler Device Drivers
OS

Layers and Interactions

Middleware Device Runtime    (API  Inter face)

Network
optimization

Task
partitioning

User
info

Collect/update
Local data

Middleware strategies

U S E R   A P P L I  C A T I  O N S  (Utility)

App. specific info

Network
Card

Display Cache Memory RegFiles CPU
H/W

CROSS LAYER ADAPTATION
(Local Device)

Proxy

• Admission Control
• Task Partitioning
• Adaptive network transmission

…

PROXY-BASED ADAPTATION

Proxy Middleware

•Mobility Information, 
•Current Residual Power
•Utility levels suppor ted
•User  requirements for  Adm. Control.

• Transcoded payload/data
• Settings for  transmitted data
•Control information ( n/w trans) 

Arch. Specific Settings 
e.g. Cache config• Arch. Specific Knobs 

(Register  file sizes, Cache 
config) 

• Residual Power Info
• Power API

• NIC Idle per iods
• Video Encoding Info
• Display Settings
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� Using a distributed middleware architecture, integrate power 
optimization techniques for CPU (DVS), memory (cache 
optimization) & the NIC with proxy-based adaptation. 

GOAL

APPROACH

� Study Application QoS vs. Power Tradeoffs. 

� Perform adaptive network traffic shaping at proxy; Evaluate 
power gains on device

� Perform admission control at the proxy

� Identify optimized architectural knobs for the video quality levels. 
Determine DVS tradeoffs



Wide  Area  
Network

Wireless  
Network

Low-power
mobile device

proxy

• Video Transcoding 
• Device Mobility Patterns
• Traffic Shaping (based on network congestion)
• Admission Control

MEDIA SERVER Video request

Video stream
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OBJECTIVE :  Stream video at highest possible quality (user  exper ience) while
ensur ing that  the entire duration of the video can be played back
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� We conducted a survey to subjectively assess 
human perception of video quality on handhelds.
� Hard to programmatically identify video quality parameters

� We identified 8 perceptible video quality levels that produced 
noticeable difference in power consumption (Compaq iPaq 3600)
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VIDEO TRANSCODING PARAMETERS

Quality/Power Matr ix for  COMPAQ IPAQ 3600 ( Grand Theft Auto Action Video Sequence)
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� We conducted a survey to subjectively assess 
human perception of video quality on handhelds.
� Hard to programmatically identify video quality parameters

� We identified 8 perceptible video quality levels that produced 
noticeable difference in power consumption (Compaq iPaq 3600)
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VIDEO TRANSCODING PARAMETERS

Quality/Power Matr ix for  COMPAQ IPAQ 3600 ( Grand Theft Auto Action Video Sequence)

Parameters varying: frame size, bit-rate, frame rate
• Profile power for each quality
• Optimize system for each quality
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� Wireless NIC cards consume significantly less energy in 

sleep mode.
� Avg. power consumption in sleep mode (0.184 W) whereas 

idle/receive modes consume (1.34/1.435 W) respectively.

� Transmitting video data in bursts can help save power. 

� NIC on device can be transitioned into sleep mode

� The middleware on the proxy is used to buffer video data and 
transmit it in bursts to the device.  

� Additionally, based on the residual energy feedback from the 
device, the middleware can transcode the video stream 
based on Quality/Power Matrix.
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� How to decide how much of video data to send in each burst?

� Access points have buffer limitations

� Devices have buffer limitations

� Data may not arrive in bursts at the device due to delays at 
access points (noise)

PROBLEM 

� Proxy transmits  ‘I’ seconds of video in a single burst along with 
time for next transmission as control information.

� Device can use this information to switch NIC from sleep mode to
receive mode after time I + � . DEtoE 

where  0 < � < 1 , DEtoE = end to end network delay

ADAPTATION
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� Power Saved 

Psaved = � x  (PIDLE - PSLEEP)

t t

P CHTTP/TCP/IP 802.11b

C

C
WiredWired wireless

N1

Proxy

Access 
Point

Wireless
device

packets

users

� Total sleep time (� ) for NIC at the device 

� = I – (D + � . DEtoE )  

� Worst case transmission delay experienced by the last packet
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Network Noise 

Power Gains using Buffering for var ious noise levels

Decreasing

Increasing

� Power savings decrease as video quality increases
� Amount of Data Buffering possible is less at higher 

quality
� This is an ideal model: in practice, network noise will 

mean that network interface has to be left on for longer 
periods of time



Summary
• We have explored ways to 

reduce power by integrating 
power optimization techniques 
across abstraction layers
– HW/OS/Middleware: Cache 

Reconfiguration, DVS, 
Backlight Reduction

– OS/Application: Power 
Aware API for DVS

– Middleware/Network: 
Adaptive NIC Shutdown 
using data buffering

� We have implemented a distributed framework that incorporates 
the above optimizations.
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