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Motivation
NoCs needed to interconnect many-core chips 
Performance was the primary concern
Power efficiency is now critical

28% of total power in Intel 80-core Teraflops chip is due to 
interconnection networks (routers + links);

Need rapid power estimation to trade off alternative 
architectures

Rapid power-area tradeoffs at the architectural level
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Related Work

Real-chip power measurements (Isci et al. ’03)
RTL-level NoC power estimations (A. Banerjee et al. ’07 and  
N. Banerjee et al. ’04)

Simulation time is slow
Requires detailed RTL

Architectural-level power estimation 
Interconnection network (Patel et al. ’97); model is not instantiated with 
architectural parameters not suitable to explore tradeoffs in router 
microarchitecture
Uniprocessor power modeling (Wattch: Brooks et al. ’00 and 
SimplePower: Ye et al. ’00)

ORION models
Recently enhanced (i.e., ORION 2.0)
Early-stage design space exploration
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Gap #1: Models Tied to μArchitecture / Implementation

Developed from a mix of template architectures / 
circuit implementations (cf. ORION 2.0)

Not accurate within an architecture-specific CAD flow
Useful for early-stage estimations (e.g., complementary to 
our approach)

Power and area estimations via parametric regression 
(Meloni et al. ‘07) 

Regression process assumes certain functional forms 
depends on the underlying architecture / circuit 
implementation
Does not consider implementation parameters (e.g., aspect 
ratio, etc.)

Reduced accuracy not suitable for efficient 
design space exploration
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Gap #2: Models Overlook μArchitecture Details

Parametric cycle-accurate traffic driven power 
models, without consideration of microarchitectural 
parameters (cf. NOCEE)
Power model with limited dependency on 
microarchitectural parameters; derived from 
synthesis results

Reduced applicability to energy design space 
explorations

Goal: Develop a modeling framework that: (1) is 
architecture-independent, (2) considers all the 
relevant microarchitectural details
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Improved NoC Router Power-Area Models
implementation 

parameters
• Target frequency
• Chip aspect ratio
• Row utilization

architectural parameters
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Implementation Flow and Tools

RTL generation from architecture
Timing-driven synthesis, place and route flow
Use range of architectural and implementation parameters 
to capture design space
Nonparametric regression modeling 

Architectural
Parameters

Implementation
Parameters

Router RTL
(Netmaker)

Power / Area 
Reports

Power and Area 
Models

Model Generation
(Multiple Adaptive 

Regression Splines)

Place + Route
(SOC Encounter)

Synthesis
(Design Compiler)
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Scope of Study
Netmaker (Cambridge) fully synthesizable router RTL codes
Libraries: TSMC (1) 130G, (2) 90G, and (3) 65GP
Tool Chain: Synopsys Design Compiler (DC), Cadence SOC 
Encounter (SOCE), Salford MARS 3.0

Experimental axes:
Technology nodes: {130nm, 90nm, 65nm}
Implementation parameters: 

fclk =  target clock frequency 
ar = aspect ratio
util = row utilization

Architectural parameters:
fw = flit-width
nvc = number of virtual channels
nport = number of input/output ports
lbuf = buffer length (#flit buffers / VC)
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Modeling Problem
Problem: Accurately predict y given vector of parameters x
Difficulties: (1) which variables x to use, and (2) how different 
variables combine to generate y

Parametric regression: requires a functional form
Nonparametric regression: learns about the best model from 
the data itself

For our purpose, allows decoupling of underlying 
architecture / implementation from modeling effort

Our approach: Use nonparametric regression to model power 
and area of an on-chip router

→

noise)x(fy += →
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Multivariate Adaptive Regression Splines (MARS)
MARS is a nonparametric regression technique
MARS builds models of form:

Each basis function Bi(x) can be:
a constant
a “hinge” function max(0, c-x) or max(0, x-c)
a product of two or more hinge functions

Two modeling steps:
(1) forward pass: obtains model with defined maximum number of terms
(2) backward pass: improves generality by avoiding an overfit model

∑
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Power and Area Modeling
We model power dependence on microarchitecture 
and implementation parameters

Pdynamic = 0.5×α×cswitching×V2×fclk

Pleakage = ileak×V

Our modeling task:
Model dependence of (Pdynamic / α×V2×fclk) on 
microarchitectural and implementation parameters
Model dependence of (Pleakage / V) on microarchitectural 
and implementation parameters

Similarly, we model area dependence on 
microarchitecture and implementation parameters

Area is the sum of standard cell area
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Example MARS Output Models (1)

B1 = max(0, nport - 5); B2 = max(0, 5 – nport); …
B34 = max(0, fclk - 200)×B1; B35 = max(0, 200 - fclk) B1;

Pdynamic = 0.5×α×(0.83 + 0.64×B1 - 0.31×B2 + 0.16×B3 …
- 0.003×B33 + 0.003×B34 - 0.003×B35)×V2

B1 = max(0, nport - 5); B2 = max(0, 5 - nport); …
B34 = max(0, nvc - 3)×B27; B35 = max(0, 3 - nvc)×B27;

Pleakage = (0.13 + 0.04×B1 - 0.04×B2 + 0.01×B3 …
- 6.59E-5×B34 - 5.53E-5×B35)×V

Dynamic power model of a router in 65nm technology

Leakage power model of a router in 65nm technology
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Example MARS Output Models (2)
Area model of a router in 65nm technology

Total wirelength model of a router in 65nm technology (NEW)

B1 = max(0, nport - 5); B2 = max(0, 5 - nport); …
B34 = max(0, 24 - fw)×B14; B35 = max(0, fclk - 100)×B15;

Area = 0.02 + 0.01×B1 - 0.004×B2 + 0.003×B3 … - 4.59E-6×B34 - 1.23E-
7×B35

B1 = max(0, nport - 5); B2 = max(0, 5 - nport); …
B33 = max(0, 1 - ar)×B26; B34 = max(0, util - 0.7)×B8;

WLtotal = 112269 + 64952.4×B1 - 31881.3×B2 … + 157.639×B33 -
321.06×B34

Closed-form expressions with respect to architectural and 
implementation parameters
Suitable to drive early-stage architecture-level design exploration
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Model Validation
We validate our models against layout data
We compare our models against                      
(1) parametric regression models and            
(2) ORION 2.0
We show the importance of layout data in 
model generation increased accuracy
We show the sensitivity and stability of our 
models
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Comparison Models
Parametric Regression (PReg):

We assume baseline virtual channel (VC) with:
FIFO buffers implemented as flip-flop registers 

cswitching ~ O(lbuf×fw×nport);  ileak ~ 
O(lbuf×fw×nport×nvc)

Multiplexer tree crossbar
cswitching ~ O(n2

port×fw);  ileak ~ O(n2
port×fw)

VC “selection” arbitration (cf. Kumar et al. ’07) 
cswitching ~ O(n2

port);  ileak ~ O(n2
port×nvc)

Requires modeler to have knowledge about the 
underlying architecture / circuit implementation

ORION 2.0
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Comparison vs. ORION 2.0
Comparison against ORION 2.0 w.r.t. microarchitectural parameters:

(1) #VC (nvc), (2) flit-width (fw), (3) #port (nport), and (4) buffer length (lbuf)
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Comparison vs. PReg. and ORION 2.0

Power estimation error reductions
PReg: avg error 76.2% (24.4% 5.8%), max error 45.2% (108.4% 59.4%) 
ORION 2.0: avg error 82.3% (32.8% 5.8%), max error 27.4% (81.8% 59.4%) 

Area estimation error reductions
PReg: avg error 79.4% (26.2% %5.4), max error 45.5% (111.3% 61.8%) 
ORION 2.0: avg error 83.8% (33.3% 5.4%), max error 28.3% (86.2% 61.8%) 

Power Model Area Model
Metric

New PReg ORION2.0 New PReg ORION2.0

130nm 0.011 7.659 9.526 0.001 29.88 10.121

90nm 0.008 7.236 6.865 0.002 27.82 8.229min % error

65nm 0.007 6.921 7.73 0.001 29.12 9.111

130nm 62.05 96.51 103.2 60.72 107.8 104.118

90nm 60.07 62.31 85.35 60.15 109.2 88.331max % error

65nm 59.41 108.4 81.81 61.84 111.3 86.228

130nm 6.012 23.46 41.33 5.961 26.33 38.117

90nm 5.654 25.11 30.22 5.019 27.11 32.566avg % error

65nm 5.817 24.43 32.78 5.411 26.23 33.298
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Variable Importance
We use MARS to identify relative variable importance
Dominant parameter post-synthesis: nvc

Dominant parameter post-layout: nport
Shows impact of missing layout information at post-synthesis stage

Example: multiplexer crossbar power is due to (1) multiplexers 
and (2) interconnection grid between input / output ports

Post-synthesis model is oblivious to (2)

Variable Importance (%)
Parameter

Post-Synthesis Post-Layout
nport 92.98 100
nvc 100 95.44
lbuf 88.41 73.99
fw 67.03 64.81
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Model Sensitivity and Stability
Sensitivity to size of training data

(1) str = 1/2, (2) str = 1/3, (3) str = 1/5, (4) str = 1/10, and (5) str = 64
For (1)-(4) we train models using a fraction str of the available data points, and 
validate them on the rest of the data points
For (5) we use 64 (out of 256) data points to train the model, and validate it across 
all 256 available data points

Stability w.r.t. random choice of training data

Power Model
Metric

str = 1/2 str = 1/3 str = 1/5 str = 1/10 str = 64
min % error 0.006 0.006 0.007 0.01 0.006
max % error 12.415 49.226 81.11 109.224 77.32
avg % error 1.662 4.012 7.997 27.177 21.23

Metric
Power Model

EXP 1 EXP 2 EXP 3 EXP 4 EXP 5
max % error 12.415 13.126 13.911 12.013 11.932
avg % error 1.662 1.412 1.214 1.077 1.103
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Extensibility of Approach
Have used same methodology to develop models for 
interconnect wirelength (WL) and fanout (FO)
Wirelength model

On average, within 3.4% of layout data
91% reduction of avg error vs. existing models (cf. Christie et al. ’00)

Fanout model
On average, within 0.8% of the layout data
96% reduction of avg error vs. existing models (cf. Zarkesh-Ha et al. ’00)
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Conclusions and Future Directions
Generally applicable modeling methodology that can leverage 
architectural parameters and RTL-to-layout implementation
Achieved accurate power and area models for on-chip router 
Improvement over parametric regression models

Power: 76.2% (45.2%) reduction of average (maximum) error 
Area: 79.4% (44.5%) reduction of average (maximum) error

Improvement over ORION 2.0 
Power: 82.3% (27.4%) reduction of average (maximum) error
Area: 83.8% (28.3%) reduction of average (maximum) error

Ongoing work
Maximum fclk modeling w.r.t. architectural and implementation parameters
Other architectural building blocks (DSP cores, DesignWare library, …)
Power, performance and cost estimators for 3-D design space exploration
Accurate trace-driven NoC power estimation models

26/26


	Improved On-Chip Analytical �Power and Area Modeling
	Outline
	Motivation
	Related Work
	Gap #1: Models Tied to μArchitecture / Implementation 
	Gap #2: Models Overlook μArchitecture Details
	Improved NoC Router Power-Area Models
	Outline
	Implementation Flow and Tools
	Scope of Study
	Outline
	Modeling Problem
	Multivariate Adaptive Regression Splines (MARS)
	Power and Area Modeling
	Example MARS Output Models (1)
	Example MARS Output Models (2)
	Outline
	Model Validation
	Comparison Models
	Comparison vs. ORION 2.0
	Comparison vs. PReg. and ORION 2.0
	Variable Importance
	Model Sensitivity and Stability
	Extensibility of Approach
	Outline
	Conclusions and Future Directions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
    /JPN <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


