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 Thermal modeling and management for 3D Thermal modeling and management for 3D MPSoCsMPSoCs

 ConclusionsConclusions

MPSoCMPSoC ThermalThermal ModelingModeling ProblemProblem

 Continuous heat flow analysis
 Capture geometrical characteristics 

of MPSoCs

 Explore different packaging features 
and heat sink characteristics
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 Time-variant heat sources 
 Transistor switching depends on 

MPSoC run-time activity (software)

 Dynamic interaction with heat flow 
analysis 

Very complex 
computational 

problem!
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MPSoCMPSoC ThermalThermal ModelingModeling
StateState--ofof--thethe--ArtArt

 MPSoCMPSoC ModelingModeling and and ExplorationExploration
1. SW 1. SW simulationsimulation: : TransactionsTransactions, c, cycleycle--accurate (~100 KHz) accurate (~100 KHz) 

[Synopsys Synopsys RealviewRealview, Mentor , Mentor PrimecellPrimecell, Madsen et al., Angiolini et al.] , Madsen et al., Angiolini et al.] 

At the desired cycleAt the desired cycle--accurate level, they are too slow for accurate level, they are too slow for 
thermal analysis of realthermal analysis of real--life applications!life applications!

2 HW2 HW prototypingprototyping:: CoreCore dependentdependent (~50(~50 100 MHz)100 MHz)
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2. HW 2. HW prototypingprototyping: : CoreCore dependentdependent (~50(~50--100 MHz)                    100 MHz)                    
[[CadenceCadence PalladiumPalladium II,II, ARM Integrator IP, Heron Engineering]ARM Integrator IP, Heron Engineering]

Very expensive and late in design flow, no thermal modeling, Very expensive and late in design flow, no thermal modeling, 
only used for functional validation of only used for functional validation of MPSoCMPSoC architectures!architectures!

 HeatHeat FlowFlow ModelingModeling::
1. Software Software thermalthermal//powerpower modelsmodels [[SkadronSkadron et al., et al., KangKang et al.]et al.]

Too computationally intensive and not able to interact at   
run-time with inputs from MPSoC components!
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 MPSoCMPSoC ModelingModeling and and ExplorationExploration
1. SW 1. SW simulationsimulation: : TransactionsTransactions, c, cycleycle--accurate (~100 KHz) accurate (~100 KHz) 

[Synopsys Synopsys RealviewRealview, Mentor , Mentor PrimecellPrimecell, Madsen et al., Angiolini et al.] , Madsen et al., Angiolini et al.] 

At the desired cycleAt the desired cycle--accurate level, they are too slow for accurate level, they are too slow for 
thermal analysis of realthermal analysis of real--life applications!life applications!

2 HW2 HW prototypingprototyping:: CoreCore dependentdependent (~50(~50 100 MHz)100 MHz)Combination of cycle-accurate MPSoC behavior             

6

2. HW 2. HW prototypingprototyping: : CoreCore dependentdependent (~50(~50--100 MHz)                    100 MHz)                    
[[CadenceCadence PalladiumPalladium II,II, ARM Integrator IP, Heron Engineering]ARM Integrator IP, Heron Engineering]

Very expensive and late in design flow, no thermal modeling, Very expensive and late in design flow, no thermal modeling, 
only used for functional validation of only used for functional validation of MPSoCMPSoC architectures!architectures!

 HeatHeat FlowFlow ModelingModeling::
1. Software Software thermalthermal//powerpower modelsmodels [[SkadronSkadron et al., et al., KangKang et al.]et al.]

Too computationally intensive and not able to interact at   
run-time with inputs from MPSoC components!

y
and IC heat flow modeling at run-time is unheard of

OrthogonalizingOrthogonalizing
MPSoCMPSoC ThermalThermal ModelingModeling and and AnalysisAnalysis
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Framework: MPSoC behavioral model on reconfigurable HW 
interacting with efficient thermal estimation

Chip and Chip and PackagePackage HeatHeat FlowFlow ModelingModeling
 Model interfaceModel interface

 Input: Input: powerpower modelmodel of of MPSoCMPSoC componentscomponents, , geometricalgeometrical propertiesproperties

 Output: temperature of Output: temperature of MPSoCMPSoC components at runcomponents at run--timetime

 Thermal circuit: 1Thermal circuit: 1stst order RC circuitorder RC circuit
 HeatHeat flowflow ~ ~ ElectricalElectrical currentcurrent ; ; Temperature ~ VoltageTemperature ~ Voltage

 Heat spreader and IC composed of elementary blocksHeat spreader and IC composed of elementary blocks
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Chip and Chip and PackagePackage HeatHeat FlowFlow ModelingModeling
 Model interfaceModel interface

 Input: Input: powerpower modelmodel of of MPSoCMPSoC componentscomponents, , geometricalgeometrical propertiesproperties

 Output: temperature of Output: temperature of MPSoCMPSoC components at runcomponents at run--timetime

 Thermal circuit: 1Thermal circuit: 1stst order RC circuitorder RC circuit
 HeatHeat flowflow ~ ~ ElectricalElectrical currentcurrent ; ; Temperature ~ VoltageTemperature ~ Voltage

 Heat spreader and IC composed of elementary blocksHeat spreader and IC composed of elementary blocks160

/m
ºK

)

Si thermal conductivity 
depends on temperature
(IMEC & Freescale, 90nm)
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SW SW ThermalThermal EstimationEstimation ToolTool forfor MPSoCsMPSoCs

 Creating linear approximation while retaining variable   Creating linear approximation while retaining variable   
Si thermal conductivity:Si thermal conductivity:
 Si Si thermalthermal conductivityconductivity linearlylinearly approxapprox. : . : GGi,ji,j ((ttkk)) = I + q = I + q ttkk
 Numerically integrating in discrete Numerically integrating in discrete 

ti d i thti d i th tt )

Si thermal conductivity 
dependent on temperature

C C ttkk = = -- G (G (ttkk)t)t kk+ + ppkk ; k = 1..m ; k = 1..m 
.

.
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time domain the time domain the ttkk ::

tk+1 = A(tk)t k+ Bpk ; k = 1..m 

A(tk) = (I - dtC-1G(tk)) ;   B = dtC-1

Time step chosen small 
enough for convergence
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SW SW ThermalThermal EstimationEstimation ToolTool forfor MPSoCsMPSoCs

 Creating linear approximation while retaining variable   Creating linear approximation while retaining variable   
Si thermal conductivity:Si thermal conductivity:
 Si Si thermalthermal conductivityconductivity linearlylinearly approxapprox. : . : GGi,ji,j ((ttkk)) = I + q = I + q ttkk
 Numerically integrating in discrete Numerically integrating in discrete 

ti d i thti d i th tt

C C ttkk = = -- G (G (ttkk)t)t kk+ + ppkk ; k = 1..m ; k = 1..m 
.

.
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time domain the time domain the ttkk ::

tk+1 = A(tk)t k+ Bpk ; k = 1..m 

A(tk) = (I - dtC-1G(tk)) ;   B = dtC-1

Time step chosen small 
enough for convergence

Complexity scales linearly with 
the number of modeled cells 
(simulated on P4@ 3GHz)

thermal library validated 
against 3D finite element 
model (IMEC & Freescale) 0
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Case Case StudyStudy: HW 4: HW 4--Core Core MPSoCMPSoC

 MPSoCMPSoC Philips Philips boardboard designdesign: : 
 4 4 processorsprocessors, DVFS: 100/500 MHz, DVFS: 100/500 MHz
 PlasticPlastic packagingpackaging

 Software: Software: 
 ImageImage watermarkingwatermarking, video , video renderingrendering

 PowerPower valuesvalues forfor 90nm:90nm:
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 PowerPower valuesvalues forfor 90nm:90nm:
ElementElement Max Max PowerPower

((mWmW)         )         
100 MHz100 MHz

Max Max PowerPower
((mWmW)             )             

500 MHz500 MHz

ProcessorProcessor 2,92 x 102,92 x 1022 1,02 x 101,02 x 1033

DD--Cache Cache 1,42 x 101,42 x 1022 7,10 x 107,10 x 1022

II--CacheCache 1,42 x 101,42 x 1022 7,10 x 107,10 x 1022

PrivPriv MemMem 0,61 x 100,61 x 1022 2,75 x 102,75 x 1022

AMBAAMBA 0,31 x 100,31 x 1022 0,68 x 100,68 x 1022

Average temperature of emulated 4-core MPSoCAverage temperature of emulated 4-core MPSoC

ResultsResults: : ThermalThermal ValidationValidation 44--core core 
MPSoCMPSoC

 MPARM: MPARM: CycleCycle--accurateaccurate SW SW architecturalarchitectural simulatorsimulator
 Complete Complete powerpower//thermalthermal modelsmodels tunedtuned toto Philips/IMEC figures Philips/IMEC figures 

 SimulationsSimulations tootoo slowslow: 2 : 2 daysdays forfor 0.18 real 0.18 real secsec (12 (12 cellscells) ) 

Many weeks of 
simulation?!
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Package limit (~85ºC)

Average temperature of emulated 4-core MPSoCAverage temperature of emulated 4-core MPSoC

ResultsResults: : ThermalThermal ValidationValidation 44--core core 
MPSoCMPSoC

 MPARM: MPARM: CycleCycle--accurateaccurate SW SW architecturalarchitectural simulatorsimulator
 Complete Complete powerpower//thermalthermal modelsmodels tunedtuned toto Philips/IMEC figures Philips/IMEC figures 

 SimulationsSimulations tootoo slowslow: 2 : 2 daysdays forfor 0.18 real 0.18 real secsec (12 (12 cellscells) ) 

Emulation time 45 sec  (128 cells)!
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ResultsResults: : ThermalThermal ValidationValidation 44--core core 
MPSoCMPSoC

 MPARM: MPARM: CycleCycle--accurateaccurate SW SW architecturalarchitectural simulatorsimulator
 Complete Complete powerpower//thermalthermal modelsmodels tunedtuned toto Philips/IMEC figures Philips/IMEC figures 

 SimulationsSimulations tootoo slowslow: 2 : 2 daysdays forfor 0.18 real 0.18 real secsec (12 (12 cellscells) ) 

 HW HW thermalthermal emulationemulation ableable toto validatevalidate policiespolicies at at runrun--timetime

 DynamicDynamic VoltageVoltage and and FrequencyFrequency ScalingScaling (DVFS(DVFS) ) basedbased onon thresholdsthresholds

Emulation time 45 sec  (128 cells)!
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Average temperature of emulated 4-core MPSoCAverage temperature of emulated 4-core MPSoC

ResultsResults: : ThermalThermal ValidationValidation 44--core core 
MPSoCMPSoC

 MPARM: MPARM: CycleCycle--accurateaccurate SW SW architecturalarchitectural simulatorsimulator
 Complete Complete powerpower//thermalthermal modelsmodels tunedtuned toto Philips/IMEC figures Philips/IMEC figures 

 SimulationsSimulations tootoo slowslow: 2 : 2 daysdays forfor 0.18 real 0.18 real secsec (12 (12 cellscells) ) 

 HW HW thermalthermal emulationemulation ableable toto validatevalidate policiespolicies at at runrun--timetime

 DynamicDynamic VoltageVoltage and and FrequencyFrequency ScalingScaling (DVFS(DVFS) ) basedbased onon thresholdsthresholds

Emulation time 45 sec  (128 cells)!
Very fast validation of MPSoC
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Very fast validation of MPSoC                      
run-time thermal behavior and management

OutlineOutline

 MPSoCMPSoC thermal modeling  and analysisthermal modeling  and analysis

 HWHW--based thermal management for based thermal management for MPSoCsMPSoCs

 SWSW--based thermal management for based thermal management for MPSoCsMPSoCs
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 ConclusionsConclusions

Temperature Management is Power Temperature Management is Power 
Control under Thermal ConstraintsControl under Thermal Constraints

23

 Power consumption of cores Power consumption of cores 
determines thermal behaviordetermines thermal behavior
 Power consumption depends on         Power consumption depends on         

frequency and voltagefrequency and voltage
 Setting frequencies/voltages can control Setting frequencies/voltages can control 

power and temperaturepower and temperature

Temperature Management is Power Temperature Management is Power 
Control under Thermal ConstraintsControl under Thermal Constraints

24

 Optimization problem: Optimization problem: 
frequency/voltage assignment in frequency/voltage assignment in 
MPSoCs under thermal constraintsMPSoCs under thermal constraints
 MeetMeet processingprocessing requirementsrequirements

 RespectRespect thermalthermal constraintconstraint at at allall timestimes
 MinimizeMinimize powerpower consumptionconsumption
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HWHW--Based Thermal Management         Based Thermal Management         
StateState--ofof--thethe--ArtArt

 Static approach: thermalStatic approach: thermal--aware placement to try to even out aware placement to try to even out 
worstworst--case thermal profile case thermal profile [[SapatnekarSapatnekar, Wong et al.] , Wong et al.] 

 Computationally difficult problem (NPComputationally difficult problem (NP--complete)complete)

Not able to predict all working conditions, and leakage changing Not able to predict all working conditions, and leakage changing 
dynamically, it is not useful in real systemsdynamically, it is not useful in real systems

25

 Dynamic approach: HWDynamic approach: HW--based dynamic thermal managementbased dynamic thermal management
 Clock gating based on timeClock gating based on time--out out [[XieXie et al., Brooks et al.]et al., Brooks et al.]

 DVFS based on thresholds DVFS based on thresholds [[ChaparroChaparro et al, et al, MukherjeeMukherjee et al,]et al,]

 Heuristics for component shut down, limited history Heuristics for component shut down, limited history [Donald et al][Donald et al]

Techniques to minimize power, they only achieve thermal            Techniques to minimize power, they only achieve thermal            
management as a bymanagement as a by--productproduct

No formalization of the thermal optimization problem

 Control theory problemControl theory problem
 Observable: Geometrical properties and behavior  Observable: Geometrical properties and behavior  

 Heat flow model and thermal profile estimationHeat flow model and thermal profile estimation
 Performance countersPerformance counters

 Controlable: Max. throughput under thermal constraintsControlable: Max. throughput under thermal constraints
 Tuning knobs: frequencies/voltages of the system (DVFS)Tuning knobs: frequencies/voltages of the system (DVFS)

Formalization of Thermal Formalization of Thermal 
Management Problem in Management Problem in MPSoCsMPSoCs

26

Optimal 
frequency 

assignment
module

Run-time HW 
DVFS support

Observed system: MPSoC
Observer and control 

system

Control output:
Cores freqs

Performance counters
(average frequency)

Thermal 
profile 

estimation

Thermal     

state

Thermal
sensors

Processor
cores

Requirements:
Max. Throughput

Constraints:
Max. temperature

 Control theory problemControl theory problem
 Observable: Geometrical properties and behavior  Observable: Geometrical properties and behavior  

 Heat flow model and thermal profile estimationHeat flow model and thermal profile estimation
 Performance countersPerformance counters

 Controlable: Max. throughput under thermal constraintsControlable: Max. throughput under thermal constraints
 Tuning knobs: frequencies/voltages of the system (DVFS)Tuning knobs: frequencies/voltages of the system (DVFS)

Formalization of Thermal Formalization of Thermal 
Management Problem in Management Problem in MPSoCsMPSoCs

Optimal frequency assignment module, 2-phase approach:

1) Design-time phase: Find optimal sets of frequencies
for the cores for different working conditions

2) Run-time phase: Apply one of the predefined sets 
found in phase 1 for the required system performance

27

Optimal 
frequency 

assignment
module

Run-time HW 
DVFS support

Observed system: MPSoC
Observer and control 

system

Control output:
Cores freqs

Performance counters
(average frequency)

Thermal 
profile 

estimation

Thermal     

state

Thermal
sensors

Processor
cores

Requirements:
Max. Throughput

Constraints:
Max. temperature

 Predictive model of thermal behavior given a set of Predictive model of thermal behavior given a set of 
frequency assignments frequency assignments 

ProPro--Active HWActive HW--Based Thermal Control:Based Thermal Control:
Phase 1 Phase 1 –– DesignDesign--TimeTime

Phase inputs

Chip
floorplan

Allowed core
power values and 

frequencies 

Packaging,
heat spreader

information

28

Table of 
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Method 

outputs

Optimal 

frequency assignment

module
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 Predictive model of thermal behavior given a set of Predictive model of thermal behavior given a set of 
frequency assignments frequency assignments 

ProPro--Active HWActive HW--Based Thermal Control:Based Thermal Control:
Phase 1 Phase 1 –– DesignDesign--TimeTime

Phase inputs

Chip
floorplan

Allowed core
power values and 

frequencies 

Packaging,
heat spreader

information

Optimization problem: Minimize sum of power Minimize sum of power 

29

Table of 
cores

frequencies 
assignments  

Method 

outputs

Optimization problem:

Constraints:

Frequency in predefined range

Meet temp. constraints at all time points

Performance constraint: on average, freq. is favg

Minimize sum of power Minimize sum of power 
consumption of coresconsumption of cores

Thermal equation

Power equation based on frequency

 Predictive model of thermal behavior given a set of Predictive model of thermal behavior given a set of 
frequency assignments frequency assignments 

ProPro--Active HWActive HW--Based Thermal Control:Based Thermal Control:
Phase 1 Phase 1 –– DesignDesign--TimeTime

Phase inputs

Chip
floorplan

Allowed core
power values and 

frequencies 

Packaging,
heat spreader

information

Optimization problem:

30

Table of 
cores

frequencies 
assignments  

Method 

outputs

Optimization problem:

Constraints:

Power equation: quadratic dependence on freq.

Thermal equation: Si conductivity depends on temp

Non-linear offline problem

Making Power Making Power and Thermal Constraints and Thermal Constraints 
ConvexConvex

 Power constraint adaptationPower constraint adaptation
 Change nonChange non--affine (quadratic equality):affine (quadratic equality):

ppmaxmax ((ffi,ki,k))22 / (/ (ffmaxmax))2 2 = = ppi,ki,k ; i = 1,..,n, ; i = 1,..,n, ∀k∀k

 To To convex inequalityconvex inequality::

pp ((ff ))22 / (/ (ff ))2 2 ≤≤ pp ; i = 1 n; i = 1 n ∀k∀k

31

ppmaxmax ((ffi,ki,k)) / (/ (ffmaxmax)) ≤ ≤ ppi,ki,k ; i = 1,..,n, ; i = 1,..,n, ∀k∀k

 Thermal constraint adaptationThermal constraint adaptation
 Use worst case thermal                                Use worst case thermal                                

conductivity in the range of                                      conductivity in the range of                                      
allowed temperatures, and                                             allowed temperatures, and                                             
iterate (if needed) to optimumiterate (if needed) to optimum

Making Power Making Power and Thermal Constraints and Thermal Constraints 
ConvexConvex

 Power constraint adaptationPower constraint adaptation
 Change nonChange non--affine (quadratic equality):affine (quadratic equality):

ppmaxmax ((ffi,ki,k))22 / (/ (ffmaxmax))2 2 = = ppi,ki,k ; i = 1,..,n, ; i = 1,..,n, ∀k∀k

 To To convex inequalityconvex inequality::

pp ((ff ))22 / (/ (ff ))2 2 ≤≤ pp ; i = 1 n; i = 1 n ∀k∀k

Solve convex problem and get table of optimal 
frequencies for different working conditions in 

polynomial time (number of processors)

32

ppmaxmax ((ffi,ki,k)) / (/ (ffmaxmax)) ≤ ≤ ppi,ki,k ; i = 1,..,n, ; i = 1,..,n, ∀k∀k

 Thermal constraint adaptationThermal constraint adaptation
 Use worst case thermal                                Use worst case thermal                                

conductivity in the range of                                      conductivity in the range of                                      
allowed temperatures, and                                             allowed temperatures, and                                             
iterate (if needed) to optimumiterate (if needed) to optimum
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 Use table of frequencies assignments and index by Use table of frequencies assignments and index by 
actual conditions at regular runactual conditions at regular run--time intervalstime intervals

Current temperature of cores 
Targeted operating 
frequency of cores 

ProPro--Active HWActive HW--Based Thermal Control:Based Thermal Control:
Phase 2 Phase 2 -- RunRun--Time, Putting It All TogetherTime, Putting It All Together

Method inputs

33

1) Index table output of phase 1 
with current working conditions  

2) Compare to current assignment to cores and
generate required signaling to modify DVFS values

Run-time 
DVFS

changes for
processors

Phase 

output

Run-time optimal DVFS 
assignment HW module

Case Study: 8Case Study: 8--Core Sun Core Sun MPSoCMPSoC

 MPSoCMPSoC Sun Niagara architectureSun Niagara architecture
 8 processing cores SPARC T18 processing cores SPARC T1

 Max. frequency each core: 1 GHz Max. frequency each core: 1 GHz 
 10 DVFS values, applied every 100ms10 DVFS values, applied every 100ms

 Max. Max. power power per core: 4 Wper core: 4 W

Execution characteristicsExecution characteristics ofof

34

 Execution characteristics Execution characteristics of of 
workloads [Sun Microsystems]: workloads [Sun Microsystems]: 
 Mixes Mixes of 10 different benchmarks, of 10 different benchmarks, 

from webfrom web--accessing to accessing to multimediamultimedia
 60,000 iterations of basic 60,000 iterations of basic 

benchmarks, tens benchmarks, tens of seconds of of seconds of 
actual system executionactual system execution

Sun’s Niagara MPSoC

Results: Thermal Constraints RespectedResults: Thermal Constraints Respected

DVFS:

180 sec

Total         
run-time of 

benchmarks

Proposed method achieves better throughput than

35

2-phase 
Convex 
method:

106 sec

(45% less 
exec. time)

Proposed method achieves better throughput than 
standard DVFS while satisfying thermal constraints

OutlineOutline

 MPSoCMPSoC thermal modeling  and analysisthermal modeling  and analysis

 HWHW--based thermal management for based thermal management for MPSoCsMPSoCs

 SWSW--based thermal management for based thermal management for MPSoCsMPSoCs

36

 ConclusionsConclusions
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MPSoCMPSoC SystemSystem--Level Architecture: Level Architecture: 
HW and SW LayersHW and SW Layers

MPOS

Task Manager

To Core  #1
(30% load)

To Core #2
(60% load)

To Core #1
(70% load)

LOAD
FREQUENCY

100 %

TASK MIGRATION

TASK B

LOAD
FREQUENCY

To Core #1
(70% load) To Core #2

(35% load)

37

 SW layers introduced to better exploit the HW of MPSoCsSW layers introduced to better exploit the HW of MPSoCs
 Applications divided in Applications divided in taskstasks: blocks of operations to be executed: blocks of operations to be executed

 MultiMulti--processor Operating System (MPOS) distributes the tasksprocessor Operating System (MPOS) distributes the tasks
 Load balancing:Load balancing: equal distribution of work between processorsequal distribution of work between processors

To Core #2
(35% load)

(70% load)

TASK A
FSE LOAD

40%

TASK C
FSE LOAD

40%

50 %

0 %

FSE LOAD
50%

PROC 1 PROC 2

To Core  #1
(30% load)

(35% load)

To Core #2
(60% load)

MPSoCMPSoC SystemSystem--Level Architecture: Level Architecture: 
HW and SW LayersHW and SW Layers

MPOS

Task Manager

To Core  #1
(30% load)

To Core #2
(60% load)

To Core #1
(70% load)

LOAD
FREQUENCY

100 %

TASK MIGRATION

TASK B

LOAD
FREQUENCY

To Core #1
(70% load) To Core #2

(35% load)
Can we control the MPSoC thermal profile by 

38

 SW layers introduced to better exploit the HW of MPSoCsSW layers introduced to better exploit the HW of MPSoCs
 Applications divided in Applications divided in taskstasks: blocks of operations to be executed: blocks of operations to be executed

 MultiMulti--processor Operating System (MPOS) distributes the tasksprocessor Operating System (MPOS) distributes the tasks
 Load balancing:Load balancing: equal distribution of work between processorsequal distribution of work between processors

To Core #2
(35% load)

(70% load)

TASK A
FSE LOAD

40%

TASK C
FSE LOAD

40%

50 %

0 %

FSE LOAD
50%

PROC 1 PROC 2

To Core  #1
(30% load)

(35% load)

To Core #2
(60% load)

controlling software execution?

Pro-Active Static (Offline) SW-Based 
Thermal Management

Task Graph:

Precedence, deadlines, 
thermal behavior 

(time spent over threshold 
T for each task)

Integer

Optimal Schedule with 
Static workloads, still Spatial 

Gradients and Thermal Cycles

It cannot really model run-time behavior!
Need for online management!

39

)

System Properties:

•Floorplan

•Package Characteristics

Integer 
Linear

Program 
(ILP)

LOAD
FREQUENCY100 %

Task Migration for                     Task Migration for                     
Load vs. Thermal BalancingLoad vs. Thermal Balancing

 Plain load balancingPlain load balancing

No improvement in workload distribution possible:  
no migration

40

TASK A
FSE LOAD

40%

TASK C
FSE LOAD

40%

Q

50 %

0 %

PROC 1

TASK B
FSE LOAD

50%

PROC 2

TEMPERATURE

TIME

PROCESSOR 1 TEMP.

PROCESSOR 2 TEMP.

MEAN  TEMP.

TEMPERATURE

TIME

Hot-spot! 40%
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LOAD
FREQUENCY100 %

LOAD
FREQUENCY

TASK MIGRATION

Task Migration for                     Task Migration for                     
Load vs. Thermal BalancingLoad vs. Thermal Balancing

 Heat&RunHeat&Run: Load balancing with local knowledge of : Load balancing with local knowledge of 
temperature in temperature in MPSoCMPSoC componentscomponents

41

TASK A
FSE LOAD

40%

TASK C
FSE LOAD

40%

Q

50 %

0 %

PROC 1

TASK B
FSE LOAD

50%

PROC 2

40%

TASK A
FSE LOAD

40%

TASK C
FSE LOAD

40%

100 %

50 %

0 %

TASK B
FSE LOAD

50%

PROC 1 PROC 2

TEMPERATURE

TIME

source target

40%

LOAD
FREQUENCY

TASK MIGRATION

Task Migration for                     Task Migration for                     
Load vs. Thermal BalancingLoad vs. Thermal Balancing

 Heat&RunHeat&Run: Load balancing with local knowledge of : Load balancing with local knowledge of 
temperature in temperature in MPSoCMPSoC componentscomponents
 Helping with hotHelping with hot--spots, but no thermal balancingspots, but no thermal balancing

Existing approaches do not consider

42

TEMPERATURE

TIME

TASK A
FSE LOAD

40%

TASK C
FSE LOAD

40%

100 %

50 %

0 %

TASK B
FSE LOAD

50%

PROC 1 PROC 2source target

Existing approaches do not consider             
global thermal dynamics for task migration!

40%

 Migration strategy for thermal balancingMigration strategy for thermal balancing
 Global knowledge of temperature at MPOS levelGlobal knowledge of temperature at MPOS level

 Adjusted to particular thermal dynamics of each platformAdjusted to particular thermal dynamics of each platform

 FormalizationFormalization
 Dynamic number of tasks, no control theory formalization possibleDynamic number of tasks, no control theory formalization possible

 Knapsack problem, move N largest tasks between cores: estimated Knapsack problem, move N largest tasks between cores: estimated 

Task Migration for                     Task Migration for                     
Load vs. Thermal BalancingLoad vs. Thermal Balancing

43

TEMPERATURE

TIME

TEMPERATURE

TIME

UPPER TRESHOLD

LOWER TRESHOLD

p p gp p g
increase in temperature and minimizing performance penalty increase in temperature and minimizing performance penalty 

Reduces hot-spots and reaches thermal balancing

 Hardware
 3 RISC processor cores

 16KB caches, 32KB shared mem.

 AMBA bus, 2GB ext. mem

 Software

Case Case StudyStudy: : FreescaleFreescale MPSoCMPSoC BoardBoard

44

 Software
 uCLinux-based MPOS

 Multimedia applications: audio and video 

 Two packaging options
 Mobile embedded SoCs (slow temperature variations)

 High performance SoCs (fast temperature variations)
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Results and Comparisons Results and Comparisons 

 Good thermal balancingGood thermal balancing
 Average: 40.5ºC,                                                 Average: 40.5ºC,                                                 

variations of  < 3ºC variations of  < 3ºC 

 Small performance overhead                                                                    Small performance overhead                                                                    
( 2 ( 2 migratmigrat/s)/s)

~1.2ms @ 400MHz  (1% overhead)

+/-3º

45

 Comparisons with                                          Comparisons with                                          
other policiesother policies
 Load balancing                                                                Load balancing                                                                

inefficient inefficient (>7ºC (>7ºC diffsdiffs))

 Heat&RunHeat&Run inefficient or causes inefficient or causes many deadline many deadline 
misses (40% below performance requirements)         misses (40% below performance requirements)         

 Performance requirements met for both Performance requirements met for both 
types of packaging types of packaging 

Results and Comparisons Results and Comparisons 

 Good thermal balancingGood thermal balancing
 Average: 40.5ºC,                                                 Average: 40.5ºC,                                                 

variations of  < 3ºC variations of  < 3ºC 

 Small performance overhead                                                                    Small performance overhead                                                                    
( 2 ( 2 migratmigrat/s)/s)

~1.2ms @ 400MHz  (1% overhead)

+/-3º
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 Comparisons with                                          Comparisons with                                          
other policiesother policies
 Load balancing                                                                Load balancing                                                                

inefficient inefficient (>7ºC (>7ºC diffsdiffs))

 Heat&RunHeat&Run inefficient or causes inefficient or causes many deadline many deadline 
misses (40% below performance requirements)         misses (40% below performance requirements)         

 Performance requirements met for both Performance requirements met for both 
types of packaging types of packaging 

Good performance and uniform temperature 
adjusting globally to thermal dynamics with MPOS

Adapt2D: Adapt2D: CombinationCombination of HW and SWof HW and SW--BasedBased
ProPro--Active Active ThermalThermal ManagementManagement

Initial: Large gradients New: Thermal balancing

47

 HWHW--basedbased managementmanagement: : ConvexConvex--basedbased dynamicdynamic voltagevoltage and and 
frequencyfrequency scalingscaling (DVFS) (DVFS) explorationexploration

 SWSW--basedbased managementmanagement: : ProactiveProactive tasktask schedulingscheduling and and migrationmigration
 SupportSupport of of multimulti--processorprocessor operatingoperating systemsystem: : SolarisSolaris MultiMulti--CoreCore

Good thermal control in commercial MPSoCs in 
90nm, what about 3D integration?

OutlineOutline

 MPSoCMPSoC thermal modeling  and analysisthermal modeling  and analysis

 HWHW--based thermal management for based thermal management for MPSoCsMPSoCs

 SWSW--based thermal management for based thermal management for MPSoCsMPSoCs

48

 ConclusionsConclusions



13

ConclusionsConclusions

 Progress in semiconductor technologies enables new Progress in semiconductor technologies enables new MPSoCsMPSoCs
 Thermal/reliability issues must be addressed for safe human interactionThermal/reliability issues must be addressed for safe human interaction

 Thermal monitoring and control are keyThermal monitoring and control are key

 Clear benefits of thermalClear benefits of thermal--aware design methods for aware design methods for MPSoCsMPSoCs
 Novel, fast and lowNovel, fast and low--cost thermal modeling approach at systemcost thermal modeling approach at system--levellevel

 Formalization of HWFormalization of HW--based thermal management problem as convexbased thermal management problem as convex

49

Formalization of HWFormalization of HW based thermal management problem as convex,   based thermal management problem as convex,   
and solved in polynomial timeand solved in polynomial time

 New SWNew SW--based thermal balancing method with very limited overheadbased thermal balancing method with very limited overhead

 Validation on commercial 2DValidation on commercial 2D-- MPSoCsMPSoCs (Sun, (Sun, FreescaleFreescale, Philips), Philips)

 Fast exploration of thermal behavior of complex Fast exploration of thermal behavior of complex MPSoCsMPSoCs

 Effective HWEffective HW-- and SWand SW--based probased pro--active thermal managementactive thermal management

Key References and BibliographyKey References and Bibliography

 Thermal modeling and FPGAThermal modeling and FPGA--based emulationbased emulation
 ““HWHW--SW Emulation Framework for TemperatureSW Emulation Framework for Temperature--Aware Design in Aware Design in 

MPSoCsMPSoCs”, D. Atienza, et al. ”, D. Atienza, et al. ACM TODAESACM TODAES, Vol. 12, Nr. 3, pp. 1, Vol. 12, Nr. 3, pp. 1––26, 26, 
August 2007. August 2007. 

 Thermal management for 2D Thermal management for 2D MPSoCsMPSoCs
 ““ThermalThermal BalancingBalancing PolicyPolicy forfor MultiprocessorMultiprocessor StreamStream Computing Computing 

50

PlatformsPlatforms”, F. Mulas, et al.,”, F. Mulas, et al., IEEE TIEEE T--CADCAD, Vol. 28, , Vol. 28, Nr.Nr. 12, pp. 187012, pp. 1870--
1882, 1882, DecemberDecember 2009.2009.

 ““ProcessorProcessor SpeedSpeed Control Control withwith ThermalThermal ConstraintsConstraints”, A. Mutapcic, ”, A. Mutapcic, 
S. Boyd, et al. S. Boyd, et al. IEEE TCASIEEE TCAS--II, Vol. 56, , Vol. 56, Nr.Nr. 9, pp. 19949, pp. 1994--2008, 2008, SeptSept 2009. 2009. 

 ““Inducing ThermalInducing Thermal--Awareness in MultiAwareness in Multi--Processor SystemsProcessor Systems--onon--Chip Chip 
Using NetworksUsing Networks--onon--ChipChip”, E. Martinez, et al., ”, E. Martinez, et al., Proc. Proc. ISVLSIISVLSI 2009. 2009. 

 ““Temperature Control of HighTemperature Control of High--Performance MultiPerformance Multi--core Platforms core Platforms 
Using Convex OptimizationUsing Convex Optimization”, ”, S.MuraliS.Murali, et al., et al., Proc. , Proc. DATE, DATE, 2008.2008.

51

QUESTIONS ?

Acknowledgements:

UCSD / Sun Microsystems IMEC / Philips
Bologna / Freescale 

semiconductors
IBM Zürich

European 
Commission

Swiss National 
Science Foundation


