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What are interconnection networks?What are interconnection networks?

��Fabric connecting subsystems within a digital systemFabric connecting subsystems within a digital system

�� Multiprocessors, computer clusters, server blades, onMultiprocessors, computer clusters, server blades, on--chipchip
networks, etc.networks, etc.

�� Performance was primary concernPerformance was primary concern

�� Now power efficiency becoming criticalNow power efficiency becoming critical
�� Alpha 21364 integrated router takes about 20% of the total systeAlpha 21364 integrated router takes about 20% of the total system powerm power

(25W out of 125W)(25W out of 125W)
�� MellanoxMellanox server blade designers allocate the same power budget to theserver blade designers allocate the same power budget to the

router as to the microprocessorrouter as to the microprocessor
�� We need to estimate power before we can reduce itWe need to estimate power before we can reduce it
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We need power models and power estimatorsWe need power models and power estimators

��Interconnection network power estimation has been longInterconnection network power estimation has been long

ignoredignored

�� Processor power estimation tools aboundProcessor power estimation tools abound
�� WattchWattch,, SimplePowerSimplePower, TEM, TEM22PP22EST,EST, SimpleScalarSimpleScalar/ARM Power Analyzer, etc./ARM Power Analyzer, etc.

�� But none for interconnection networksBut none for interconnection networks

��So we build oneSo we build one

�� RequirementsRequirements
�� power models for interconnection networkspower models for interconnection networks —— routers and linksrouters and links
�� integration of power estimation and network simulationintegration of power estimation and network simulation

�� This work addresses the first requirementThis work addresses the first requirement
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Related workRelated work

��Power models for interconnection networksPower models for interconnection networks

�� Router model based on transistor counts [Router model based on transistor counts [ChiragChirag S. PatelS. Patel et alet al..
1997]1997]

�� Models for onModels for on--chip switchchip switch--box networks [box networks [HuiHui ZhangZhang et alet al. 1999]. 1999]

�� Analytical crossbar models [G.Analytical crossbar models [G. EssakimuthuEssakimuthu et alet al. 2002]. 2002]

��Power models for other networksPower models for other networks

�� Models for Internet router switch fabrics [Terry Tao YeModels for Internet router switch fabrics [Terry Tao Ye et alet al. 2002]. 2002]
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Basics of CMOS circuit power modelingBasics of CMOS circuit power modeling

�� Types of power dissipationTypes of power dissipation

�� Dynamic power: switch power, shortDynamic power: switch power, short--circuit powercircuit power

�� Static power: leakage powerStatic power: leakage power

�� We only model switch power in this workWe only model switch power in this work

��ArchitecturalArchitectural--level model vs. empirical modellevel model vs. empirical model

�� Empirical modelsEmpirical models —— gate counts, energy density, curve fitting, etc.gate counts, energy density, curve fitting, etc.
�� Derived from physical measurementsDerived from physical measurements
�� Suitable for product power estimationSuitable for product power estimation

�� ArchitecturalArchitectural--level modelslevel models
�� Formulated with architectural and technology parametersFormulated with architectural and technology parameters
�� Suitable for design evaluation and comparisonSuitable for design evaluation and comparison
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Router power modeling methodologyRouter power modeling methodology

��Switch power: E=0.5Switch power: E=0.5ααααααααCVCVdddd
22, P=, P=ffclkclkEE

�� Need to estimate: C andNeed to estimate: C and αααααααα

��Divide and conquer to derive CDivide and conquer to derive C
�� Model different components separatelyModel different components separately

�� FIFO buffers, crossbars, arbitersFIFO buffers, crossbars, arbiters

��Two ways to estimateTwo ways to estimate αααααααα
�� Simulation with real trafficSimulation with real traffic

�� Probabilistic estimationProbabilistic estimation
�� Switch probability PSwitch probability Pdd

�� PPdd=1 for maximum power=1 for maximum power
�� PPdd=0.5 for average power=0.5 for average power
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Some notationsSome notations

a transistor or a gateT

capacitance of metal wire of length LCw(L)

Cg(T)+Cd(T)Ca(T)

diffusion capacitance of TCd(T)

gate capacitance of TCg(T)
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Modeling detailsModeling details —— FIFO buffer modelFIFO buffer model

Tc Tbd

Twd

Tp Tm

sense amp
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Modeling detailsModeling details —— FIFO buffer modelFIFO buffer model

number of buffer write portsPw

number of buffer read portsPr

flit size in bitsF

buffer size in flitsB

Architectural parameters

wire spacingdw

memory cell widthwcell

memory cell heighthcell

Technological parameters

Eamp from empirical modelsense amp energy

Ccell=2(Pr+Pw)Cd(Tp)+2Ca(Tm)memory cell cap.

Cchg=Cg(Tc)precharge cap.

Cbw=BCd(Tp)+Ca(Tbd)+Cw(Lbl)write bitline cap.

Cbr=BCd(Tp)+Cd(Tc)+Cw(Lbl)read bitline cap.

Cwl=Cw(Lwl)+Ca(Twd)+2FCg(Tp)wordline cap.

Lbl=B(hcell+(Pr+Pw)dw)bitline length

Lwl=F(wcell+2(Pr+Pw)dw)wordline length

Model equations

FromFrom CCxx to Eto Exx

EExx=0.5C=0.5CxxVVdddd
22

EEwritewrite==EEwlwl++PPddFF((EEbwbw++EEcellcell))

EEreadread==EEwlwl+F(+F(EEbrbr+2E+2Echgchg++EEampamp))

dw

F columns

B rows

Tc Tbd

Twd

Tp Tm

sense amp

wcell

hcell
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Modeling hierarchyModeling hierarchy

��Models have layersModels have layers
�� Separate technology and architectural dependencySeparate technology and architectural dependency

�� Reusable building blocksReusable building blocks
�� Central bufferCentral buffer —— pipelined shared memorypipelined shared memory

�� FineFine--grained modeling granularitygrained modeling granularity

�� Easy maintenanceEasy maintenance

SRAM — FIFO buffer model

register — flip-flop model

crossbar — crossbar model
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��Activity per flit of a wormhole routerActivity per flit of a wormhole router
�� FIFO bufferFIFO buffer

�� 1 write1 write

�� ArbiterArbiter
�� 11 ⁄⁄⁄⁄⁄⁄⁄⁄ L arbitration, assuming L flits per packetL arbitration, assuming L flits per packet
�� Register clock, independent of workloadRegister clock, independent of workload

�� FIFO bufferFIFO buffer
�� 1 read1 read

�� CrossbarCrossbar
�� 1 flit traversal1 flit traversal

��Scaled by workloadScaled by workload
�� Flit arriving rate: the probability that each input port receiveFlit arriving rate: the probability that each input port receives a flit in everys a flit in every

cyclecycle

Putting it togetherPutting it together —— from workload to powerfrom workload to power

input buffer
crossbar

switch arbiter

output port

Block diagram of a wormhole router

input port
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Case studiesCase studies —— Alpha 21364 integrated routerAlpha 21364 integrated router
and IBMand IBM InfiniBandInfiniBand 88--port 12X routerport 12X router

7-input matrix arbiter

19-input matrix arbiter

two 8x5 crossbars

319/250/127/190 flits, 2 read ports, 1

write port

32-bit

7

8

1.2GHz

1.65V

0.18µm

Alpha 21364 integrated router

7-input matrix arbiter

4-input matrix arbiter

central buffer: 2560 chunks, 4 banks

(160KB), 2 read ports, 2 write ports

256 flits (4KB), 1 read port, 1 write port

128-bit

8

8

250MHz

1.2V

0.11µm

IBM InfiniBand 8-port 12X router

flit width

global arbiter

local arbiter

switch fabric

input buffer

output ports

input ports

frequency

voltage

technology
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System design questionsSystem design questions

��How is router power distributed among components?How is router power distributed among components?

��How is router power sensitive to workload?How is router power sensitive to workload?
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Results of the Alpha 21364 routerResults of the Alpha 21364 router

Maximum power of Alpha 21364 router
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Results of the IBMResults of the IBM InfiniBandInfiniBand routerrouter

Maximum power of IBM InfiniBand router
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Analysis and insightsAnalysis and insights

��Router power distribution among componentsRouter power distribution among components

�� Input buffer and switch fabric dominateInput buffer and switch fabric dominate
�� IBMIBM InfiniBandInfiniBand router: nearly 100% of total powerrouter: nearly 100% of total power
�� Alpha 21364 router: more than 80% of total powerAlpha 21364 router: more than 80% of total power
�� Memory is the most power consuming componentMemory is the most power consuming component

�� Arbiter power is (almost) negligibleArbiter power is (almost) negligible

��Router power sensitivity to workloadRouter power sensitivity to workload

�� Approximately linearApproximately linear
�� Both buffer power and crossbar power are linear in the data trafBoth buffer power and crossbar power are linear in the data trafficfic
�� This is good news because it eases macroThis is good news because it eases macro--modelingmodeling

�� IBMIBM InfiniBandInfiniBand router: power breakdown is invariantrouter: power breakdown is invariant
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Results of IBMResults of IBM InfiniBandInfiniBand routerrouter

Maximum power breakdown of IBM InfiniBand router
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Model accuracyModel accuracy

��Alpha 21364 routerAlpha 21364 router

�� Designer data: maximum 7.6WDesigner data: maximum 7.6W

�� Our estimate: maximum 5.36W when flit arrival rate is 1Our estimate: maximum 5.36W when flit arrival rate is 1

��IBMIBM InfiniBandInfiniBand routerrouter

�� Designer data: average 11WDesigner data: average 11W

�� Our estimate: average 11W when flit arrival rate is 0.6Our estimate: average 11W when flit arrival rate is 0.6

��Hard to tell the accuracyHard to tell the accuracy

�� Exact measurement conditions unknownExact measurement conditions unknown

�� Actively working on validationActively working on validation
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ConclusionsConclusions

��Propose a “complete” architecturalPropose a “complete” architectural--level power model forlevel power model for

interconnection network routersinterconnection network routers

�� Enables rapid exploration of powerEnables rapid exploration of power--performance tradeoffs at architectureperformance tradeoffs at architecture
design timedesign time

�� Easy to reuse and extendEasy to reuse and extend

��Current StatusCurrent Status

�� Power models integrated into OrionPower models integrated into Orion —— a complete interconnection networka complete interconnection network
simulator (will appear in MICRO 2002)simulator (will appear in MICRO 2002)

�� Actively pursuing opportunities for validationsActively pursuing opportunities for validations

�� Working on improving and extending our power modelsWorking on improving and extending our power models

�� Public release coming soonPublic release coming soon
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