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Regenerative EnergyRegenerative Energy

Energy HarvestingEnergy Harvesting or or 
Energy Scavenging Energy Scavenging --
Capturing energy from Capturing energy from 
the environmentthe environment

Systems with Systems with Regenerative EnergyRegenerative Energy Sources Sources --
Systems that obtain or supplement their energy Systems that obtain or supplement their energy 
supply with energy captured from the supply with energy captured from the 
environment environment 
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Regenerative EnergyRegenerative Energy

Energy HarvestingEnergy Harvesting or or 
Energy Scavenging Energy Scavenging --
Capturing energy from Capturing energy from 
the environmentthe environment

Applications with Applications with 
dependable energy sourcesdependable energy sources

Supplementing batterySupplementing battery
technologytechnology

Perpetual operationPerpetual operation

Systems with Systems with Regenerative EnergyRegenerative Energy Sources Sources --
Systems that obtain or supplement their energy Systems that obtain or supplement their energy 
supply with energy captured from the supply with energy captured from the 
environment environment 
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How are these Systems Different?How are these Systems Different?

BatteryBattery--Powered Powered 
SystemsSystems
Limited total available Limited total available 
energyenergy
Optimize for limited Optimize for limited 
energy availability over energy availability over 
timetime
Energy consumption Energy consumption 
optimization based on optimization based on 
battery characteristics

Regenerative Energy Regenerative Energy 
SystemsSystems
Perpetual operation may Perpetual operation may 
be feasiblebe feasible
Optimize for limited Optimize for limited 
energy availability at any energy availability at any 
instance in timeinstance in time
Instances where better to Instances where better to 
consume energyconsume energy
Considerable variability in Considerable variability in 
energy availability

battery characteristics
energy availability
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Regenerative Energy Related WorkRegenerative Energy Related Work

A. A. KansalKansal, J. Hsu, M. B. , J. Hsu, M. B. 
SrivastavaSrivastava, V. , V. RaghunathanRaghunathan, , 
Harvesting Aware Power Harvesting Aware Power 
Management for Sensor Management for Sensor 
Networks. Networks. DAC ’06DAC ’06
X. X. JiangJiang, J. , J. PolastrePolastre, and D. , and D. 
Culler, Perpetual Culler, Perpetual 
Environmentally Powered Environmentally Powered 
Sensor Networks.Sensor Networks.
IPSN/SPOTSIPSN/SPOTS ‘05 ‘05 

Regenerative Energy
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Regenerative Energy Related WorkRegenerative Energy Related Work

Ambulatory motion energy Ambulatory motion energy 
harvesting shoe prototype harvesting shoe prototype --
MITMIT
Vibration energy harvesting Vibration energy harvesting ––
TIMA LabsTIMA Labs
Prometheus project utilizing Prometheus project utilizing 
solar power solar power -- BerkeleyBerkeley
HeliomoteHeliomote project utilizing project utilizing 
solar power solar power -- UCLAUCLA
Network of mobile nodes Network of mobile nodes 
roam in search of energy roam in search of energy --
USCUSC

Prototypes

Regenerative Energy



99

Regenerative Energy Related WorkRegenerative Energy Related Work

DVS ApproachDVS Approach
–– A. A. AllavenaAllavena and D. and D. MosséMossé, Scheduling of , Scheduling of 

FrameFrame--based Embedded Systems with based Embedded Systems with 
Rechargeable Batteries. Rechargeable Batteries. Workshop on Workshop on 
Power Management for RealPower Management for Real--Time and Time and 
Embedded Systems Embedded Systems 20012001

–– C. C. RusuRusu, R. , R. MelhemMelhem, and D. , and D. MosséMossé, Multi, Multi--
version Scheduling in Rechargeable version Scheduling in Rechargeable 
EnergyEnergy--aware Realaware Real--time Systems. time Systems. ECRTS ECRTS 
’03’03

Online scheduling DVSOnline scheduling DVS--independentindependent
–– C. Moser, D. C. Moser, D. BrunelliBrunelli, L. Thiele and L. , L. Thiele and L. 

BeniniBenini. Real. Real--time Scheduling with time Scheduling with 
Regenerative Energy. Regenerative Energy. ECRTS ’06ECRTS ’06

–– C. Moser, D. C. Moser, D. BrunelliBrunelli, L. Thiele and L. , L. Thiele and L. 
BeniniBenini. Lazy Scheduling for Energy . Lazy Scheduling for Energy 
Harvesting Sensor Nodes. Harvesting Sensor Nodes. DIPES ‘06DIPES ‘06

Regenerative Energy

Scheduling Algorithms

Prototypes
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Dynamic Dynamic ReconfigurabilityReconfigurability with with 
Regenerative Energy SourcesRegenerative Energy Sources

Low PowerLow Power
–– Hardware execution Hardware execution 

more energy efficientmore energy efficient
–– LowLow--power solutions that power solutions that 

integrate integrate FPGAsFPGAs on chip on chip 
(such as ATMEL)(such as ATMEL)

Limited computational resources in sensor Limited computational resources in sensor 
networksnetworks
–– Execution of different types of task with the speed and Execution of different types of task with the speed and 

the energy efficiency of hardware.the energy efficiency of hardware.
–– Variety or complexity dictates division into tasksVariety or complexity dictates division into tasks

I. I. FolcarelliFolcarelli, A. , A. SusuSusu, T. , T. KluterKluter, , 
G. De G. De MicheliMicheli, A. , A. AcquavivaAcquaviva, , 
An opportunistic reconfiguration An opportunistic reconfiguration 
strategy for environmentally strategy for environmentally 
powered devices. powered devices. CF '06CF '06
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Problem StatementProblem Statement

Intuitively: Intuitively: 
ScheduleSchedule tasks tasks onto hardware or software for onto hardware or software for 
execution, while execution, while manipulating the energymanipulating the energy provided provided 
by regenerative sources, while determining when to by regenerative sources, while determining when to 
reconfigure the FPGAreconfigure the FPGA

ObjectiveObjective: Ensure the execution of the largest number : Ensure the execution of the largest number 
of tasks, within their availability interval.  (In the case of tasks, within their availability interval.  (In the case 
of dependencies between tasks, without violating a of dependencies between tasks, without violating a 
dependency) dependency) 



1313

Problem StatementProblem Statement

Given: Task Given: Task ii
–– Arrival time (Arrival time (aaii))
–– Hard deadline (Hard deadline (ddii))
–– Energy requirement for execution on Energy requirement for execution on 

hardware (Hhardware (Hii))
–– Energy requirement for execution software Energy requirement for execution software 

((SSii))
–– Type distinguishing reconfiguration profileType distinguishing reconfiguration profile
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Problem StatementProblem Statement

Given: Task Given: Task ii
–– Arrival time (Arrival time (aaii))
–– Hard deadline (Hard deadline (ddii))
–– Energy requirement for execution on Energy requirement for execution on 

hardware (Hhardware (Hii))
–– Energy requirement for execution software Energy requirement for execution software 

((SSii))
–– Type distinguishing reconfiguration profileType distinguishing reconfiguration profile

Task typesTask types identify whether a identify whether a 
reconfiguration is needed  between reconfiguration is needed  between 
the execution of two consecutive tasksthe execution of two consecutive tasks

Possibility of porting reconfiguration Possibility of porting reconfiguration 
data from an external sourcedata from an external source
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Problem StatementProblem Statement

Given: Task Given: Task ii
–– aaii , , ddii , H, Hi i , , SSii , Type, Type

Given: ResourcesGiven: Resources
–– Processor on which a software Processor on which a software 

implementation can be executedimplementation can be executed
–– FPGA with a known reconfiguration cost (or FPGA with a known reconfiguration cost (or 

costs)costs)
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Problem StatementProblem Statement

Given: Task Given: Task ii
–– aaii , , ddii , H, Hi i , , SSii , Type, Type

Given: ResourcesGiven: Resources
–– Processor, FPGAProcessor, FPGA

Given: Regenerative energy source with Given: Regenerative energy source with 
an energy bufferan energy buffer
–– Energy loss insignificantEnergy loss insignificant
–– External source of energy, which can vary External source of energy, which can vary 

significantlysignificantly
–– Limited storage capacityLimited storage capacity
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Problem StatementProblem Statement

Given: Task Given: Task ii
–– aaii , , ddii , H, Hi i , , SSii , Type, Type

Given: ResourcesGiven: Resources
–– Processor, FPGAProcessor, FPGA

Given: Regenerative energy source with Given: Regenerative energy source with 
an energy bufferan energy buffer
Objective: Minimize the number of tasks Objective: Minimize the number of tasks 
that miss their deadlinesthat miss their deadlines
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AssumptionsAssumptions

Exists both a software and a hardware Exists both a software and a hardware 
version of tasksversion of tasks
–– Can handle single implementation, but Can handle single implementation, but 

potential for energy savings is diminished potential for energy savings is diminished 

Require knowledge of reconfiguration Require knowledge of reconfiguration 
cost, energy consumption of hardware cost, energy consumption of hardware 
and software task executionsand software task executions
–– Can be profiledCan be profiled
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ExampleExample

22252522

10101010252511

ReconfigReconfig
CostCost

HW HW 
Energy Energy 
ReqReq

SW SW 
Energy Energy 
ReqReq

Task Task 
TypeType

Task 1 run in hardware, 
reconfig cost paid

Task 2 run in 
hardware, reconfig

cost paid

121

E supply

30

20 Task 3 can not execute 
in either hardware or 

software
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Key ObservationsKey Observations

Only Only last reconfiguration is last reconfiguration is 
importantimportant for future reconfigurations for future reconfigurations 
and scheduling.and scheduling.
Reconfiguration is valuable ifReconfiguration is valuable if

–– IFIF large supply of energy (i.e. larger than large supply of energy (i.e. larger than 
storage to capacity)storage to capacity)

–– IFIF task has large differential between task has large differential between 
software and hardware execution costsoftware and hardware execution cost

–– IFIF task is frequenttask is frequent
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Expected Energy CalculationExpected Energy Calculation

Evaluate expected energy after some future task Evaluate expected energy after some future task 
executions to determine benefit of executions to determine benefit of 
reconfiguration now. reconfiguration now. 

Ecurrent – current available E 
Hi – HW execution energy
R – Reconfig energy
F – Number of tasks into future
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Expected Energy CalculationExpected Energy Calculation

Evaluate expected energy after some future task Evaluate expected energy after some future task 
executions to determine benefit of executions to determine benefit of 
reconfiguration now. reconfiguration now. 

Ecurrent – current available E 
Hi – HW execution energy
R – Reconfig energy
F – Number of tasks into future
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Expected Energy CalculationExpected Energy Calculation
Exp(EExp(Etypetype ≠ j)≠ j) --
expected cost of expected cost of 
running the next task, running the next task, 
of a type other than of a type other than jj
on SWon SW
Exp(EExp(Etypetype =  j)=  j) --
expected cost of expected cost of 
running the next task running the next task 
of type of type jj on HW, on HW, 
scaled by the scaled by the 
likelihood of such a likelihood of such a 
task type occurring. task type occurring. TT – Number of task types

Ni – Number of occurrences of task type i 
Hi – HW execution energy
Si – SW execution energy
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Extended to OrderExtended to Order--2 Statistics2 Statistics

Consider the Consider the 
possibility of a task possibility of a task 
following another following another 
task. task. 
Maintain statistics Maintain statistics 
on the pairs of on the pairs of 
tasks, instead of tasks, instead of 
individual tasks. individual tasks. 

TT – Number of task types
Ni,j – Number of occurrences of task type j followed by i
Ni – Number of occurrences of task type i 
Hi – HW execution energy
Si – SW execution energy
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Extended to OrderExtended to Order--2 Statistics2 Statistics

Consider the Consider the 
possibility of a task possibility of a task 
following another following another 
task. task. 
Maintain statistics Maintain statistics 
on the pairs of on the pairs of 
tasks, instead of tasks, instead of 
individual tasks. individual tasks. 

TT – Number of task types
Ni,j – Number of occurrences of task type j followed by i
Ni – Number of occurrences of task type i 
Hi – HW execution energy
Si – SW execution energy
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Expected Additional Energy Expected Additional Energy 
ComputationComputation

Studied by related workStudied by related work
Use the product of the expected length of time Use the product of the expected length of time 
until the arrival of the next task, D, and the until the arrival of the next task, D, and the 
estimated available power, estimated available power, PPexpectedexpected
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Comparison ApproachesComparison Approaches

Aware of immediate harvested energy Aware of immediate harvested energy 
profile and future tasks profile and future tasks 

OracleOracle

Calculates expected energy after Calculates expected energy after 
execution of two tasks execution of two tasks 

StatisticalStatistical

Always run task in SWAlways run task in SWAllAll--SWSW

Run task on HW, by reconfiguring if Run task on HW, by reconfiguring if 
needed. If not enough energy, run in SWneeded. If not enough energy, run in SW

ReconfigReconfig--ifif--
able able 

Always run task on HWAlways run task on HWAllAll--HW HW 

Run task on HW 50% of the time. If not Run task on HW 50% of the time. If not 
enough energy, run in SWenough energy, run in SW

Random Random 
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Deadline Misses for Various Deadline Misses for Various 
Software Energy CostsSoftware Energy Costs
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Deadline Misses for Various Deadline Misses for Various 
Reconfiguration CostsReconfiguration Costs
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MicrelEyeMicrelEye PlatformPlatform

Single solar cell and battery Single solar cell and battery 
OmnivisionOmnivision 7640 video sensor7640 video sensor
Bluetooth transceiverBluetooth transceiver
ATMEL FPSLIC configurable ATMEL FPSLIC configurable 
platform, with AVR platform, with AVR 
microcontroller and 40K gate microcontroller and 40K gate 
FPGAFPGA
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Vision Application Run on the Vision Application Run on the 
MicrelEyeMicrelEye

ThresholdingThresholding: : 
–– Converts a frame from its Converts a frame from its 

full 8full 8--bit or 24bit or 24--bit to a bit to a 
single bit representation for single bit representation for 
each pixel. each pixel. 

–– Used for object detection. Used for object detection. 

LaplacianLaplacian edge detection:edge detection:
–– Using Using LaplacianLaplacian matrix matrix 

multiplicationmultiplication
–– Used for trackingUsed for tracking

Thresholding

Edge Detection

6.606.6028.0828.0837.437.4Edge Edge 
DetectionDetection

4.484.488.938.9325.025.0ThresholdingThresholding

ReconfigReconfig
E (E (mJmJ))

HW E HW E 
((mJmJ))

SW E SW E 
((mJmJ))

ApplicationApplication

≥ τ

< τ
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Deadline Misses for Various Frame Deadline Misses for Various Frame 
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ConclusionConclusion

Paradigm shiftParadigm shift caused by regenerative energy caused by regenerative energy 
sources and need to sources and need to integrate reconfigurable integrate reconfigurable 
devicesdevices into sensor networks nodesinto sensor networks nodes
Statistically based approachStatistically based approach to schedule to schedule 
taskstasks
Evaluation using Evaluation using simulationssimulations and and MicrelEyeMicrelEye
prototype systemprototype system

Perpetual
Operation

Fast, Flexible,
Energy Efficient

with Dynamic Reconfiguration

with Regenerative Energy
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Related Work on Regenerative Related Work on Regenerative 
Energy Energy 

Discussion of regenerative energy Discussion of regenerative energy 
sources / Sensor networks adapting to sources / Sensor networks adapting to 
perpetual operationperpetual operation

–– A. A. KansalKansal, J. Hsu, M. B. , J. Hsu, M. B. SrivastavaSrivastava, V. , V. 
RaghunathanRaghunathan, Harvesting Aware Power , Harvesting Aware Power 
Management for Sensor Networks. Management for Sensor Networks. DAC ’06DAC ’06

–– X. X. JiangJiang, J. , J. PolastrePolastre, and D. Culler, Perpetual , and D. Culler, Perpetual 
Environmentally Powered Sensor Networks.Environmentally Powered Sensor Networks.
IPSN/SPOTSIPSN/SPOTS ‘05 ‘05 
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Related Work: Prototypes using Related Work: Prototypes using 
Regenerative Energy Regenerative Energy 

Ambulatory motion energy harvesting shoe prototypeAmbulatory motion energy harvesting shoe prototype
–– J.A. J.A. ParadisoParadiso, T. , T. StarnerStarner, Energy Scavenging for Mobile and Wireless Electronics. , Energy Scavenging for Mobile and Wireless Electronics. 

Pervasive Computing, pp. 18Pervasive Computing, pp. 18--27, January27, January--March, 2005March, 2005

Vibration energy harvestingVibration energy harvesting
–– Y. Y. AmmarAmmar, A. , A. BuhrigBuhrig, M. , M. MarzenckiMarzencki, B. , B. CharlotCharlot, S. , S. BasrourBasrour and M. and M. RenaudinRenaudin, Wireless , Wireless 

sensor network node with asynchronous architecture and vibrationsensor network node with asynchronous architecture and vibration harvesting micro harvesting micro 
power generator. power generator. Conference on Smart Objects and Ambient intelligence: innovativeConference on Smart Objects and Ambient intelligence: innovative
ContextContext--Aware Services: Usages and TechnologiesAware Services: Usages and Technologies, 2005, 2005

Prometheus project utilizing solar powerPrometheus project utilizing solar power
–– X. X. JiangJiang, J. , J. PolastrePolastre, and D. Culler, Perpetual Environmentally Powered Sensor , and D. Culler, Perpetual Environmentally Powered Sensor 

Networks. Networks. IPSN/SPOTS ‘‘IPSN/SPOTS ‘‘0505

HeliomoteHeliomote project utilizing solar powerproject utilizing solar power
–– http://research.cens.ucla.edu/portal/page?_pageid=56,55124,56_55http://research.cens.ucla.edu/portal/page?_pageid=56,55124,56_55125&_dad=125&_dad=portalportal

&_schema&_schema=PORTAL=PORTAL

Network of mobile nodes roam in search of energyNetwork of mobile nodes roam in search of energy
–– M. M. RahimiRahimi, H. Shah, G. , H. Shah, G. SukhatmeSukhatme, J. , J. HeidemannHeidemann, and D. , and D. EstrinEstrin. Studying the . Studying the 

Feasibility of Energy Harvesting in a Mobile Sensor Network. Feasibility of Energy Harvesting in a Mobile Sensor Network. IEEE International IEEE International 
Conference on Robotics and AutomationConference on Robotics and Automation, 2003, 2003
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Related Work: Scheduling with Related Work: Scheduling with 
Regenerative EnergyRegenerative Energy

Utilize dynamic voltage scaling to approach the Utilize dynamic voltage scaling to approach the 
problemproblem

–– A. A. AllavenaAllavena and D. and D. MosséMossé, Scheduling of Frame, Scheduling of Frame--based based 
Embedded Systems with Rechargeable Batteries. Embedded Systems with Rechargeable Batteries. Workshop on Workshop on 
Power Management for RealPower Management for Real--Time and Embedded Systems Time and Embedded Systems 
20012001

–– C. C. RusuRusu, R. , R. MelhemMelhem, and D. , and D. MosséMossé, Multi, Multi--version Scheduling in version Scheduling in 
Rechargeable EnergyRechargeable Energy--aware Realaware Real--time Systems. time Systems. ECRTS ’03ECRTS ’03

Online scheduling approach independent of a dynamic Online scheduling approach independent of a dynamic 
voltage scalingvoltage scaling

–– C. Moser, D. C. Moser, D. BrunelliBrunelli, L. Thiele and L. , L. Thiele and L. BeniniBenini. Real. Real--time time 
Scheduling with Regenerative Energy. Scheduling with Regenerative Energy. ECRTS ’06ECRTS ’06

–– C. Moser, D. C. Moser, D. BrunelliBrunelli, L. Thiele and L. , L. Thiele and L. BeniniBenini. Lazy Scheduling . Lazy Scheduling 
for Energy Harvesting Sensor Nodes. for Energy Harvesting Sensor Nodes. DIPES ‘06DIPES ‘06
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Related Work: Related Work: ReconfigurabilityReconfigurability in in 
Sensor NetworksSensor Networks

Dynamic software reconfiguration in sensor Dynamic software reconfiguration in sensor 
networksnetworks
–– T. Tuan, S.F. Li, J. Rabaey. T. Tuan, S.F. Li, J. Rabaey. Reconfigurable platform Reconfigurable platform 

design for wireless protocol processors.design for wireless protocol processors. ICASSP ‘ICASSP ‘0101
–– S. S. KogekarKogekar, S. , S. NeemaNeema, B. , B. EamesEames, X. , X. KoutsoukosKoutsoukos, A. , A. 

LedecziLedeczi, and M. , and M. MarotiMaroti. Constraint. Constraint--guided dynamic guided dynamic 
reconfiguration in sensor networks. reconfiguration in sensor networks. IPSN '04IPSN '04

Combination of a regenerative energy system Combination of a regenerative energy system 
with dynamic with dynamic reconfigurarabiltyreconfigurarabilty has first been has first been 
examinedexamined
–– I. I. FolcarelliFolcarelli, A. , A. SusuSusu, T. , T. KluterKluter, G. De , G. De MicheliMicheli, A. , A. 

AcquavivaAcquaviva, An opportunistic reconfiguration strategy , An opportunistic reconfiguration strategy 
for environmentally powered devices. for environmentally powered devices. CF '06CF '06
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AssumptionsAssumptions

Software execution is more convenient than Software execution is more convenient than 
performing reconfiguration followed by hardware performing reconfiguration followed by hardware 
executionexecution

Hi – HW execution energy
Si – SW execution energy
Ri – Reconfig energy
for task i
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AssumptionsAssumptions

Cost of running a task on hardware is less Cost of running a task on hardware is less 
expensive, than running a task on software, expensive, than running a task on software, 
ignoring the cost of reconfigurationignoring the cost of reconfiguration

Hi – HW execution energy
Si – SW execution energy
Ri – Reconfig energy
for task i


	Dynamic Reconfiguration in Sensor Networks with Regenerative Energy Sources
	Talk Outline
	Talk Outline
	Regenerative Energy
	Regenerative Energy
	How are these Systems Different?
	Regenerative Energy Related Work
	Regenerative Energy Related Work
	Regenerative Energy Related Work
	Dynamic Reconfigurability with Regenerative Energy Sources
	Talk Outline
	Problem Statement
	Problem Statement
	Problem Statement
	Problem Statement
	Problem Statement
	Problem Statement
	Assumptions
	Example
	Talk Outline
	Key Observations
	Expected Energy Calculation
	Expected Energy Calculation
	Expected Energy Calculation
	Extended to Order-2 Statistics
	Extended to Order-2 Statistics
	Expected Additional Energy Computation
	Talk Outline
	Comparison Approaches
	Deadline Misses for Various Software Energy Costs
	Deadline Misses for Various Hardware Energy Costs
	Deadline Misses for Various Reconfiguration Costs
	Talk Outline
	MicrelEye Platform
	Vision Application Run on the MicrelEye
	Deadline Misses for Various Frame Sequences
	Conclusion
	Related Work on Regenerative Energy
	Related Work: Prototypes using Regenerative Energy
	Related Work: Scheduling with Regenerative Energy
	Related Work: Reconfigurability in Sensor Networks
	Assumptions
	Assumptions

