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Hierarchical VLSI DesignHierarchical VLSI Design

•• Hierarchical designHierarchical design
–– Maintain hierarchy through RTL design Maintain hierarchy through RTL design 

down to layoutdown to layout
–– Popular in Popular in μμ--processor designs and processor designs and 

SoCSoC designsdesigns

•• AdvantagesAdvantages
–– Facilitate parallel developmentFacilitate parallel development
–– Facilitate IP reuseFacilitate IP reuse
–– Less complexity of physical designLess complexity of physical design

•• DisadvantagesDisadvantages
–– More design steps (More design steps (floorplanningfloorplanning, pin assignment, , pin assignment, 

wire resource allocation, wire resource allocation, time budgetingtime budgeting))
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Time BudgetingTime Budgeting

•• Generate timing assertions at each block boundaryGenerate timing assertions at each block boundary
–– Arrival time/slew limit @ block inputArrival time/slew limit @ block input
–– Required arrival time/load limit @ block outputRequired arrival time/load limit @ block output

•• Conventional time budgetingConventional time budgeting
–– Distribute slack to each block in proportion to its own delayDistribute slack to each block in proportion to its own delay
–– ExampleExample

•• Clock period : 10Clock period : 10
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Block A  (delay = 3) Block C  (delay = 1)Block B  (delay = 4)

n1 n2

10 x     = 3.753
8

RAT AT

10 x     = 8.757
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Dual VtDual Vt

• Dual Vt
– Can be integrated into conventional design flow
– Reduce both active and standby leakage

• Dual Vt allocation
– Critical path Low Vt (fast,  large leakage)
– Non-critical  High Vt (slow, small leakage)

• Dual Vt
– Can be integrated into conventional design flow
– Reduce both active and standby leakage

• Dual Vt allocation
– Critical path Low Vt (fast,  large leakage)
– Non-critical  High Vt (slow, small leakage)

Dual VtDual Vt

Critical pathCritical path
Low VtLow Vt

High VtHigh Vt

Leakage ↓Leakage ↓



Effect of Time Budgeting on Dual VEffect of Time Budgeting on Dual Vtt

•• Motivational exampleMotivational example
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Block A  (delay = 3) Block C  (delay = 1)Block B  (delay = 4)

n1 n2

Block A  (delay = 3) Block C  (delay = 1)Block B  (delay = 4)

n1 n2

3.75 8.75

3.00 8.00

Low VtLow Vt

High VtHigh Vt

(Delay = 1)(Delay = 1)

(Delay = 2)(Delay = 2)



Effect of Time Budgeting on Dual VEffect of Time Budgeting on Dual Vtt

•• Proportion of high VProportion of high Vtt gates is dictated by timing assertiongates is dictated by timing assertion
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Key IdeaKey Idea

•• Bounded potential slack (BPS)Bounded potential slack (BPS)
–– Potential slack under the Potential slack under the limited incremental delayslimited incremental delays
–– Strongly correlatedStrongly correlated with the proportion of high Vwith the proportion of high Vtt

gatesgates
–– Use as a Use as a measuremeasure of dual Vof dual Vtt allocationallocation

•• Dual VDual Vtt aware time budgetingaware time budgeting
–– BPSBPS--based time budgetingbased time budgeting
–– Achieving maximum bounded potential slackAchieving maximum bounded potential slack
–– Linear programmingLinear programming
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Potential Slack & Potential Slack & 
Bounded Potential SlackBounded Potential Slack

•• NotationNotation

* C. Chen et al., “Potential Slack: an Effective Metric of Combinational Circuit Performance”, ICCAD 2000 9

v2

v3

v4

v1

v6

v7

2 / 7 / 5

5 / 8 / 3

6 / 9 / 3

6 / 9 / 3

7 / 13 / 6

7 / 13 / 6

RAT = 14

RAT = 14

RAT = 10

AT = 5

AT = 2

D = [ 1 1 1 1 1 1 1 ]

S = [ 5 3 3 3 3 6 6 ]

vi

AT / RAT / Slack

Delay vector D = [ d1 d2 … dn ]

Slack vector     S = [  s1 s2 … sn ]

v5

6 / 9 / 3

RAT = 10

Incremental 
delay vector Δ D = [ Δd1 Δd2 … Δdn ]

Deriving Δ D = [Δd1 Δd2 … Δdn ]

Slack assignment

D = [d1 + Δd1 … dn + Δdn ]



Potential Slack & Potential Slack & 
Bounded Potential SlackBounded Potential Slack

•• Potential slackPotential slack
–– Maximum value of the sum of incremental delaysMaximum value of the sum of incremental delays

10

ΔdiΣ
i=1

n

Max.

v2

v3

v4

v1

v6

v7

2 / 2 / 0

5 / 5 / 0

6 / 6 / 0

6 / 6 / 0

7 / 7 / 0

7 / 7 / 0

RAT = 14

RAT = 14

RAT = 10

AT = 5

AT = 2

D = D + Δ D = [ 3 1 4 1 4 7 7 ]

S = [ 0 0 0 0 0 0 0 ]

v5

6 / 6 / 0

RAT = 10

Δ D = [ 2 0 3 0 3 6 6 ]

Potential slack = 20

* C. Chen et al., “Potential Slack: an Effective Metric of Combinational Circuit Performance”, ICCAD 2000



Potential Slack & Potential Slack & 
Bounded Potential SlackBounded Potential Slack

•• Bounded potential slackBounded potential slack
–– Maximum value of the sum of (bounded) incremental delaysMaximum value of the sum of (bounded) incremental delays
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v2

v3

v4

v1

v6

v7

2 / 2 / 0

5 / 5 / 0

7 / 7 / 0

7 / 7 / 0

10 / 11 / 1

10 / 11 / 1

RAT = 14

RAT = 14

RAT = 10

AT = 5

AT = 2

D = D + Δ D = [ 3 2 3 3 3 3 3 ]

S = [ 0 0 0 0 0 1 1 ]

v5

7 / 7 / 0

RAT = 10

Δ D = [ 2 1 2 2 2 2 2 ]

Bounded potential slack = 13

di Vt=high di Vt=low−Bi =ΔdiΣ
i=1

n

where Δdi i
≤0 ≤ BMax.

Assume Bi = 2 for all gates

,



Potential Slack & Potential Slack & 
Bounded Potential SlackBounded Potential Slack

•• Correlation testCorrelation test

–– Strong correlation with the proportion of highStrong correlation with the proportion of high--VVtt gatesgates
•• Correlation coefficientCorrelation coefficient ρρ = = 0.940.94

12

c2670

Random budgeting

Logic synthesis

Dual Vt allocation Calculate BPS

% of high-Vt gates BPS B
ou

nd
ed

 p
ot

en
tia

l s
la

ck
B

ou
nd

ed
 p

ot
en

tia
l s

la
ck

P
ot

en
tia

l s
la

ck
P

ot
en

tia
l s

la
ck

50%50% 75%75%% of high V% of high Vtt gatesgates

BPSBPS
PSPS



BPSBPS--Based Time BudgetingBased Time Budgeting

•• LP formulationLP formulation
–– Objective functionObjective function

•• Maximize bounded potential slackMaximize bounded potential slack

–– ConstraintsConstraints
•• Block boundariesBlock boundaries
•• FlipFlip--flop boundariesflop boundaries
•• Combinational gatesCombinational gates
•• Bounds for incremental delayBounds for incremental delay
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BPSBPS--Based Time BudgetingBased Time Budgeting

•• LP formulationLP formulation
–– Graph modeling of a hierarchical blockGraph modeling of a hierarchical block
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BI (Block input)
BO (Block output)
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FO (Flip-flop output)
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BPSBPS--Based Time BudgetingBased Time Budgeting

•• LP formulationLP formulation
–– Constraints for block boundariesConstraints for block boundaries

•• Block input arrival timeBlock input arrival time

•• Block output required arrival timeBlock output required arrival time
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ai ≥ xi vi ∈∀ BI,

r i ≤ xi vi ∈∀ BO,



BPSBPS--Based Time BudgetingBased Time Budgeting

•• LP formulationLP formulation
–– Constraints for flipConstraints for flip--flop boundariesflop boundaries

•• FlipFlip--flop input required arrival timeflop input required arrival time

•• FlipFlip--flop output arrival timeflop output arrival time
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BPSBPS--Based Time BudgetingBased Time Budgeting

•• LP formulationLP formulation
–– Constraints for combinational gatesConstraints for combinational gates

•• Gate output arrival timeGate output arrival time

•• Bounds for incremental delayBounds for incremental delay
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ai ≥ aj vi ∈∀ CG,di+ +

Bi≤0 ≤

di Vt=high di Vt=low−Bi =where

vi
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aj
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ai

Δ di

Δ di

r i ≥− ai vi ∈∀ CG + BO,0



BPSBPS--Based Time BudgetingBased Time Budgeting

•• Overall design flowOverall design flow
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Logic synthesis

RTL design

Determine hierarchical blocks

BPS-based time budgeting
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⇒ Constraints
Block boundaries
Flip-flop boundaries
Combinational gates
Bounds for incremental delay



Experimental ResultsExperimental Results
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•• Leakage powerLeakage power



Experimental ResultsExperimental Results
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•• Run timeRun time



ConclusionConclusion

•• BPSBPS--based time budgetingbased time budgeting
–– Bounded potential slackBounded potential slack

•• Good metric for dual Good metric for dual vvtt allocationallocation

–– LP based formulationLP based formulation

–– 30% leakage saving on average compared to conventional 30% leakage saving on average compared to conventional 
approachapproach

–– However, 60% runtime increase on average compared to However, 60% runtime increase on average compared to 
conventional approachconventional approach

21


	Bounded Potential Slack:�Enabling Time Budgeting for Dual-Vt Allocation of Hierarchical Design
	Contents
	Hierarchical VLSI Design
	Time Budgeting
	Dual Vt
	Effect of Time Budgeting on Dual Vt
	Effect of Time Budgeting on Dual Vt
	Key Idea
	Potential Slack & �Bounded Potential Slack
	Potential Slack & �Bounded Potential Slack
	Potential Slack & �Bounded Potential Slack
	Potential Slack & �Bounded Potential Slack
	BPS-Based Time Budgeting
	BPS-Based Time Budgeting
	BPS-Based Time Budgeting
	BPS-Based Time Budgeting
	BPS-Based Time Budgeting
	BPS-Based Time Budgeting
	Experimental Results
	Experimental Results
	Conclusion


<<
  /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


