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Motivation

General-purpose many-core
Distributed caches

Competing application
requirements

General-purpose (office, …)
Real-time / Streaming

Soft-RT, e.g. augmented reality
Hard-RT, e.g. software-defined radio

Quality-of-Service support required
for simultaneous execution

Hard-
RT Soft-RT

Source: Nokia

General-
purpose



ASP-DAC 2010 - Jonas Diemer et al. 42010-01-20

Best Effort (BE) Traffic

From general purpose applications
Mostly cache traffic

Behavior unknown and bursty
Latency-sensitive: Application performance degrades 
with higher latency

Utility

Latency
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Guaranteed Throughput (GT) Traffic

From real-time streaming apps
Large transfers

Requirements known
Deadline-oriented: Requires guarantees
Latency-tolerant: Performance does not improve with 
lower latency (up to a certain latency bound)

Utility

Latency

Hard RT

Soft RT



ASP-DAC 2010 - Jonas Diemer et al. 62010-01-20

Related Work: NoCs with QoS

Static allocation of time slots
E.g. AEthereal [Goossens], SuperGT [Marescaux]
Formal guarantees (for throughput, latency, …)
Contention free routing
Best-effort traffic only to fill unused slots high latency

Dynamic scheduling of VCs + priorities
E.g. MANGO [Bjerregaard], QNoC [Bolotin], BAA 
[AlFaruque], Globally-Synchronized Frames [Lee]
Guarantees depend on actual traffic model
Best-effort traffic on lowest priority high latency

Common practice: Favor traffic with 
guarantees, ignore timing of best-effort traffic
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Goal: Guarantees and Low Latency

Prioritize BE traffic
Limit BE rate to leave enough free bandwidth
Initial version [Diemer09]

Virtual-cut through switching

Utility

Latency

Hard RT

Soft RT

Utility

Latency

Real-time Traffic Best-Effort Traffic
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Approach: Distributed Traffic Shaping

Packet-switched mesh
Static XY-routing
Wormhole switching

Packets composed of flits
(head, body, tail)

Routers
Input buffering
Virtual channels (VC)
4 pipeline stages

Modify switch arbitration
in routers

GT Stream

BE Traffic
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1. Reserve VC for each GT stream
Because VC arbitration can
not be bounded
Dynamic allocation at run-time

2. Prioritize BE traffic
For optimal latency
Buffer GT flits on contention
GT progresses during idle slots

3. Limit average BE rate
To guarantee throughput
Traffic shapers for each output 
port

Input Unit

Crossbar

Output
Unit

Routing
VC

Allocator

Switch
Allocator

Output
Unit

●
●
●

●
●
●

Traffic
Shaper

Input Unit

●

VC
●

●

VC
●

Modifications in Router
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VC Reservation: Packet Concatenation

Reserve a set of VC for every GT stream
Problem: VC can only hold flits from 1 packet

Only one status register (e.g. for destination)
“Bubbles” between GT packets during which VC can 
not accept new flits
But: all packets in GT stream can share status register 
(same destination)

Solution: merge multiple GT packets
Simple – Just omit tail/head flits between packets

GT stream appears as a single huge worm
“Delimiter” flit type to distinguish packets at sink

Added benefits
No extra logic for VC reservation
Skip routing and arbitration

T

Source

Sink

H
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Arbitration: Prioritize and Limit BE rate

Token Bucket for BE 
requests

c tokens are added every 
T cycles
b tokens maximum
1 token removed for 
every prioritized BE flit

Selective priority
arbiter

Separate arbiter
for each traffic class
Controlled by bucket

Prioritize BE if 
buckets in token

ArbiterGT-Requests

ArbiterBE-Requests

Bucket
for b

tokens

c token every
T cycles

Grants to
Crossbar
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Real-Time Analysis

Average BE token rate: c/T
Resulting guaranteed average GT rate: rGT = 1 – c/T

Up to b tokens can accumulate for a BE burst
During this time, GT traffic does not receive its average rate
Blocked GT traffic must be buffered locally during this time 
so it can be sent later
Otherwise, there may not be enough GT flits later when BE 
is idle and accumulates new tokens

Hence: VC must be large enough to buffer GT flits 
arriving at a rate of rGT during a BE burst
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Real-Time Analysis (2)

Maximum duration of a BE burst
Longest time (in cycles) for a 
full bucket to deplete when BE is 
constantly trying to send
1 token is removed every cycle
c new tokens arrive every T cycles
The first addition of new tokens 
happens after c tokens have been removed 
(otherwise, tokens would be dropped due to bucket limit)

Integer fix-point problem, solved by iterating
Start with e.g. tSD = b

c
T

ctbt SD
SD ⋅

−
+=

⎥
⎥
⎥

⎥

⎤

⎢
⎢
⎢

⎢

⎡

T
b

Bucket
fill level

TimetSD

b = 5
c = 2
T = 3c

c
c

c
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Real-Time Analysis (3)

Maximum amount of GT flits arriving during BE burst
Assuming a GT rate of rGT = 1 – c/T

GT VC buffer must be at least sGT flits large

Overlapping GT connections may interfere with each 
other

Handled by injection shaping of GT streams (see Paper)

⎡ ⎤SDGTGT trs ⋅=
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c
T

ctbt SD
SD ⋅

−
+=

⎥
⎥
⎥

⎥

⎤

⎢
⎢
⎢

⎢

⎡

⎡ ⎤SDGTGT trs ⋅=

b

Bucket fill level

TimetSD

Shaper Depletion Time – Design Space

b = [2, 32]; T = [2, b]; c = [0, T-1]
Fast growth with 
BE rate and 
bucket size
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Minimum Required Buffer Size

Constant upper bound 
w.r.t. BE rate

About linear growth 
with bucket size

Trade off available buffer size against 
BE bucket size and latency
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Experimental Evaluation

Simulation Setup
SystemC cycle accurate model of 8x8 mesh
Traffic modeled by traffic generators

Single real-time stream: (0,3) (6,2)
Requested throughput: 2 bytes/cycle (50% of link BW)

Remaining nodes send random BE traffic
Different patterns (Uniform, Tornado), varying load

3 Scenarios
Scenario 1: BE+GT on same priority (no QoS)
Scenario 2: GT prioritized (naïve approach)
Scenario 3: BE prioritized + Traffic Shaping (our approach)
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Scenario 3 – Shaper Setup

GT stream:
(0,3) (6,2)
Bucket size b = 8
Period T = 8
Token per period 
c = 4

along GT route
c = 8 (no BE limit) 
otherwise

Measure BE latency
at (1,3)

0,0

RT Stream
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Requested 
rate achieved 
for Scen. 2+3

Results: Achieved Throughput of GT stream

No guarantees 
for Scen. 1 
as expected 
(no priorities)
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Results: BE-Latency Uniform Random
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Results: BE-Latency Tornado



ASP-DAC 2010 - Jonas Diemer et al. 222010-01-20

Effect on BE Applications

Application traces with 
NoC feedback
CPU at (1,3)

Dual-issue
8kB L1 cache, 1 cycle
PARSEC benchmarks

Streamcluster, 
Canneal
Latency sensitive

Perfect L2 cache at (5,3)
Always hits in 1 cycle
Connected to CPU via 
NoC using  BE traffic

CPU L2

0,7
0,75

0,8

0,85

0,9

0,95

1

1,05

1,1

Canneal StreamCl.

Application Runtime

Prio Uniform DTS Uniform

Prio Tornado DTS Tornado
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Conclusion

NoC for QoS on a general-purpose processor
Prioritization and distributed traffic shaping of BE-traffic
Throughput guarantees for specific streams

Formal analysis of required buffer sizes
Good latencies for best-effort traffic

Latency improvements of up to 47%
BE application speedup of up to 14%

Future Work
Improve buffer requirements
Additional traffic classes and resources
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Prioritize BE: Selective-Priority Arbiter

Separate arbiters
BE: Winner-takes-all
GT: Round-robin

Priority selection logic
Select BE or GT 
based on 

Signal aN

Presence of BE/GT
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Limit BE rate: Token Bucket Shaper

Token Bucket
Token worth 1 flit
c tokens are added 
every T cycles
b tokens maximum
Average token rate 
c/T

Input: Any BE 
request (rNORM)
Output controls 
priority selection (aN)

aNrNORM



ASP-DAC 2010 - Jonas Diemer et al. 282010-01-20

Distributed Traffic Shaping – Costs

Hardware requirements
Reservation of one VC per GT stream in every router 
(dynamic)
Selective priority arbiter (one per output port on every router)

2 arbiters, selection logic, mux, demux
Traffic shaper (one per output port on every router)

2 registers, counter, adder, logic
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Overlapping GT Connections

Multiple GT streams may share the same output port
Reserve separate set of VCs for every stream
Set up BE shapers so that the combined bandwidth is 
guaranteed

GT streams can interfere with each other
GT streams are not isolated from each other
Guarantee that overlapping GT streams do not use more 
than their requested bandwidth

Injection shapers limiting the GT rate
Not required for non-overlapping streams
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Buffer Requirements for b=16

Pareto-optimal 
configurations 
w.r.t. buffer size 
for T = 16
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Scenario 3 Shaper Setup

Bucket size b = 8
Period T = 8
Credits per period c = 4 along GT route,
c = 8 (no BE limit) otherwise
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Effect of Shaper Settings (1)

GT throughput not met for large bucket sizes
As predicted in Analysis (insufficient buffer size)
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Effect of Shaper Settings (2)

Increasing the bucket size reduces latency
Mostly for large packet sizes

Reducing period T slightly improves latency
Effect minor for this traffic pattern (non-bursty)
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Overlapping GT Streams
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Concept: Distributed Traffic Shaping

Reserve VC for GT
Because VC arbitration 
can not be bounded

Prioritized BE traffic for 
optimal latency

Buffer GT flits (instead of 
BE) on contention

Limit average BE rate to 
fulfill guarantees

Using distributed traffic 
shapers


	Efficient Throughput-Guarantees�for Latency-Sensitive�Networks-On-Chip
	Outline
	Motivation
	Best Effort (BE) Traffic
	Guaranteed Throughput (GT) Traffic
	Related Work: NoCs with QoS
	Goal: Guarantees and Low Latency
	Approach: Distributed Traffic Shaping
	Modifications in Router
	VC Reservation: Packet Concatenation
	Arbitration: Prioritize and Limit BE rate
	Real-Time Analysis
	Real-Time Analysis (2)
	Real-Time Analysis (3)
	Shaper Depletion Time – Design Space
	Minimum Required Buffer Size
	Experimental Evaluation
	Scenario 3 – Shaper Setup
	Results: Achieved Throughput of GT stream
	Results: BE-Latency Uniform Random
	Results: BE-Latency Tornado
	Effect on BE Applications
	Conclusion
	Thank You� for Your Attention!
	Backup
	Prioritize BE: Selective-Priority Arbiter
	Limit BE rate: Token Bucket Shaper
	Distributed Traffic Shaping – Costs
	Overlapping GT Connections
	Buffer Requirements for b=16
	Scenario 3 Shaper Setup
	Effect of Shaper Settings (1)
	Effect of Shaper Settings (2)
	Overlapping GT Streams
	Concept: Distributed Traffic Shaping


<<
  /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


