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Tutorial!Outline


Time! Topic!
8:30 am – 9:00 am! Introduction!

9:00 am – 10:00 am! Pre-RTL Simulation Framework: Aladdin !

10:00 am – 10:30 am! Break !

10:30 am – 11:30 am! CAD & Benchmarks: HLS & MachSuite!

11:30 am – 12:00 pm ! Aladdin Validation and Case Studies !

12:00 pm – 1:30 pm! Lunch !

1:30 pm – 2:15 pm! Analytical Modeling: Lumos!

2:15 pm – 2:45 pm! Workload Characterization Tool: WIICA!

2:45 pm – 3:00 pm! Hands-on Exercise: Set up !

3:00 pm – 3:30 pm! Break !

3:30 pm – 5:00 pm! Hands-on Exercise!
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CMOS!Technology!Scaling!
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CMOS!Technology!Scaling!
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Technological"
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"



PotenCal!for!Specialized!Architectures
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[Brodersen and Meng, 2002]!

16! Encryption!

17! Hearing Aid!

18! FIR for disk read!

19! MPEG Encoder!

20! 802.11 
Baseband!



Challenges!in!Accelerators


•  Flexibility

–  FixedJfuncCon!accelerators!are!only!designed!for!the!
target!applicaCons.


•  Design!Cost

– HandJwriNen!RTL!implementaCon!is!inherently!tedious!

and!CmeJconsuming.!


•  Programmability


–  Today’s!accelerators!are!explicitly!managed!by!

programmers.!
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Decomposing!acceleratorJbased!systems!

for!flexibility!
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OMAP(4(SoC(
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Today’s!SoC
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Future!AcceleratorJCentric!Architectures


Flexibility


Design!Cost!


Programmability


How!to!decompose!an!applicaCon!to!accelerators?


How!to!rapidly!design!lots!of!accelerators?


How!to!design!and!manage!the!shared!resources?
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Tutorial)Outline

Time! Topic!

8:30 am – 9:00 am! Introduction !

9:00 am – 10:00 am! Pre-RTL Simulation Framework: Aladdin!

10:00 am – 10:30 am! Break !

10:30 am – 11:30 am! CAD & Benchmarks: HLS & MachSuite!

11:30 am – 12:00 pm ! Aladdin Validation and Case Studies !

12:00 pm – 1:30 pm! Lunch !

1:30 pm – 2:15 pm! Analytical Modeling: Lumos!

2:15 pm – 2:45 pm! Workload Characterization Tool: WIICA!

2:45 pm – 3:00 pm! Hands-on Exercise: Set up !

3:00 pm – 3:30 pm! Break !

3:30 pm – 5:00 pm! Hands-on Exercise!
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A)Pre0RTL,)Power0Performance)Accelerator)Simulator))
Enabling)Large)Design)Space)Explora@on)of)Customized)Architectures
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Harvard)University
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Aladdin)enables)pre0RTL)simula@on)of)
accelerators)with)the)rest)of)the)SoC.)))
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Aladdin)can)rapidly)evaluate)large)design)
space)of)accelerator0centric)architectures.)
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Aladdin)is)NOT


•  An)HLS)flow:

– No)RTL)is)generated.

– High0level)es#mates'of)power)and)performance;)


–  Aladdin)uses)fully)dynamic)analysis)to)expose)algorithmic)

parallelism)for)unmodified)HLL)codes;


•  Limit)of)ILP)study:


–  )“op@mis@c)but)realis@c”)DDDG)is)constructed)to)model)

accelerators.




From)C)to)Design)Space


C)Code:

for(i=0;)i<N;)++i)

))c[i])=)a[i])+)b[i];
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Aladdin)Overview
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From)C)to)Design)Space)

IR)Dynamic)Trace


C)Code:

for(i=0;)i<N;)++i)

))c[i])=)a[i])+)b[i];




0.)))r0=0))//i)=)0

1.  r4=load)(r0)+)r1))//load)a[i]

2.  r5=load)(r0)+)r2))//load)b[i]

3.  r6=r4)+)r5

4.  store(r0)+)r3,)r6))//store)c[i]

5.  r0=r0)+)1))//++i

6.  r4=load(r0)+)r1))//load)a[i]

7.  r5=load(r0)+)r2))//load)b[i]

8.  r6=r4)+)r5

9.  store(r0)+)r3,)r6))//store)c[i]

10.  r0)=)r0)+)1))//++i

…
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Op@mis@c)IR


•  ILDJIT

•  High0level)IR:)

– machine0,)ISA0,)and)system0library0independent


•  Features:

– Unlimited)Registers


–  80)Opcodes:)add,)mul,)sin,)sqrt

– Only)load/store)access)memory


Shao, et al., ISA-Independent Workload Characterization and Implications for Specialized Architecture, !
ISPASS, 2013!
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From)C)to)Design)Space)
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From)C)to)Design)Space)

Idealis@c)DDDG




•  Include)applica@on0specific)customiza@on)strategies.)

•  Node0Level:


–  Bit0width)Analysis

–  Strength)Reduc@on

–  Tree0height)Reduc@on


•  Loop0Level:

–  Remove)dependences)between)loop)index)variables


•  Memory)Op@miza@on:

–  Memory0to0Register)Conversion

–  Store0Load)Forwarding

–  Store)Buffer


•  Extensible

–  e.g.)Model)CAM)accelerator)by)matching)nodes)in)DDDG)
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Acc)Design)Parameters:
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Acc)Design)Parameters:

!  )Memory)BW)<=)4'
!  '2'Adders


Acc)Design)Parameters:
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Cycle0Level)Ac@vity
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Power)Model


•  Func@onal)Units)Power)Model

– Microbenchmarks)characterize)various)FUs.

–  Design)Compiler)with)40nm)Standard)Cell

–  FreePDK)45nm


Power = (activityi *Piswitching )
1<i<N
∑ +Piinternal +Pileakage

•  SRAM)Power)Model

–  Commercial)register)file)and)SRAM)memory)compilers)
with)the)same)40nm)standard)cell)library


–  CACTI
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•  Constrain)the)DDDG)with)program)and)user0defined)
resource)constraints


•  Program)Constraints


–  Control)Dependence

– Memory)Ambigua@on


•  Resource)Constraints

–  Loop0level)Parallelism


–  Loop)Pipelining

– Memory)Ports


–  #)of)FUs)(e.g.,)adders,)mul@pliers)


29"

From)C)to)Design)Space)
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Control)Dependence


•  Dynamic)trace)only)has)taken)paths.

•  Accelerators)execute)both)taken)and)not)taken)paths)
un@l)branch)resolu@on.


•  Aladdin)brings)code)from)the)not0taken)path)in)to)the)
DDDG)to)account)for)addi@onal)power)and)resource)
requirements.




Memory)Ambigua@on


)


•  Idealistic DDDG optimistically removes all false 
memory dependences !

•  Input-dependent memory accesses cannot be 
calculated statically. !
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5.st)b[1]
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…


3.ld)b[1]


4.b[1]++


6.i++


7.ld)a[1]


8.&


10.b[2]++


11.st)b[2]


12.i++


13.ld)a[2]


14.&


16.b[2]++


17.st)b[2]


15.ld)b[2]


5.st)b[1]


9.ld)b[2]




Memory)Ambigua@on


)


for(i=0;)i<N;)++i)

{

))bucket[)a[i])&)0x11)]++;

}


0.i=0


1.ld)a[0]


2.&


Input:

a[0])=)1;

a[1])=)2;

a[2])=)2;

…


3.ld)b[1]


4.b[1]++


6.i++


7.ld)a[1]


8.&


10.b[2]++


11.st)b[2]


12.i++


13.ld)a[2]


14.&


16.b[2]++


17.st)b[2]


15.ld)b[2]


5.st)b[1]


9.ld)b[2]
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10:30 am – 11:30 am! CAD & Benchmarks: HLS & MachSuite!

11:30 am – 12:00 pm ! Aladdin Validation and Case Studies !

12:00 pm – 1:30 pm! Lunch !

1:30 pm – 2:15 pm! Analytical Modeling: Lumos!

2:15 pm – 2:45 pm! Workload Characterization Tool: WIICA!

2:45 pm – 3:00 pm! Hands-on Exercise: Set up !

3:00 pm – 3:30 pm! Break !

3:30 pm – 5:00 pm! Hands-on Exercise!
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Private)L1/

Scratchpad


Aladdin'

Accelerator

Specific

Datapath


Shared)Memory/Interconnect

Models


Unmodified

C0Code


Accelerator)Design

Parameters


(e.g.,)#)FU,)mem.)BW)


Power/Area


Performance


“Accelerator)Simulator”))

Design)Accelerator0Rich)SoC)

Fabrics)and)Memory)Systems


Design'Cost''Flexibility''
Programmability'
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Aladdin:)A)pre0RTL,)Power0
Performance)Accelerator)Simulator)




“Design)Assistant”))

Understand)Algorithmic0HW)

Design)Space)before)RTL




Aladdin)Overview


C'Code'
Op@mis@c)


IR

Ini@al

DDDG


Idealis@c

DDDG


Program)

Constrained)


DDDG


Resource

Constrained)


DDDG


Power/Area)

Models
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Ac>vity'
Acc'Design'
Parameters'
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Aladdin)Valida@on


C'Code' Power/Area'''''''Performance'

Aladdin


ModelSim


Design)

Compiler


Verilog
 Ac@vity
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Aladdin)Valida@on


C'Code' Power/Area'''''''Performance'

Aladdin


RTL)
Designer


HLS)C)
Tuning


Vivado)

HLS


ModelSim


Design)

Compiler


Verilog
 Ac@vity
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Valida@on)Benchmarks


Type! Benchmark! Description !

SHOC !
Benchmark 

Suite!

MD! Pairwise calculation of the L-J Potential !
STENCIL! Apply 3x3 filter to an image !
FFT! 1D 512 FFT !
GEMM! Blocked Matrix Multiply!
TRIAD ! Single Computation in DOALL loop !
SORT! Radix Sort!
SCAN! Parallel prefix sum!

REDUCTION! Return sum of an array !

Proposed!
Accelerator!
Constructs!

NPU! An individual neuron in a network [MICRO’12] !
Memcached! GET function in Memcached [ISCA’13]!
HARP! Data partition accelerator [ISCA’13] !

45"

Optimized!
HLS !

Designs!

Hand RTL!
Designs!
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Aladdin)enables)rapid)design)space)
explora@on)for)accelerators.)


C)Code
 Power/Area)))))))Performance


Aladdin


RTL)
Designer


HLS)C)
Tuning


Vivado)

HLS


ModelSim


Design)

Compiler


Verilog
 Ac@vity
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Limita@ons


•  Algorithm)Choices

–  Aladdin)generates)a)design)space)per)algorithm

–  Can)use)Aladdin)to)quickly)compare)the)design)spaces)of)
algorithms


•  Input)Dependent

–  Inputs)that)exercise)all)paths)of)the)code


•  Input)C)Code

–  Aladdin)can)create)DDDG)for)any)C)code.)

–  C)constructs)that)require)resources)outside)the)accelerator,)
such)as)system)calls)and)dynamic)memory)alloca@on,)are)
not)modeled.))
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Aladdin)enables)pre0RTL)simula@on)of)
accelerators)with)the)rest)of)the)SoC.)))


50"

GPU"

Shared"Resources"
Memory"
Interface"

Sea'of'Fine-Grained''
Accelerators'

Big""
Cores"

Small"
Cores"

GPGPU?
Sim"

MARSx86"
..."

XIOSim
…"

CacH/Orion2"

DRAMSim2"



Simula@ng)Accelerator)with)Memory)
System)using)Aladdin


51"

Acc!

Cache!

Memory!
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Modeling)Accelerators)in)a)
SoC0like)Environment
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Publica@ons


•  Quan@fying)Accelera@on)–)ISLPED)2013

–  Reagen,)Shao,)Wei,)Brooks)




•  MachSuite)–)IISWC)2014

–  Reagen,)Adolf,)Shao,)Wei,)Brooks




•  Aladdin)–)ISCA)2014

–  Shao,)Reagen,)Wei,)Brooks
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Accelerator)
Design)Tools)and)Workloads


•  IntroducIon)to)HLS

•  Coding)for)HLS

•  PracIces)for)Performance


•  MachSuite


•  Design)Space)ExploraIon


3'



What)is)an)Accelerator?


4'

Big'Core'

Sm'Core'

Scratchpad'Memories'

General'Purpose'Cores'

Shared'SRAMs'

Protocol'



What)is)an)Accelerator?


5'

!Fixed!Func*on!ASIC!
!
'

Op?cal'Flow'Accelerator'
'BB'Specialized'data'path'
'BB'FSM'controlled'
'BB'Single'func?on'

'
Orders'of'Magnitude'
Energy'Efficiency'

'



CAD)Tools)
Accelerator)Design)Flow
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TradiIonal)Hardware)Design


7'

•  Hand)Code)RTL

– Understand)problem


•  SORT

–  Consider)various)soluIons


•  MERGE)vs.)RADIX




•  Single)Design)Point

–  Power

–  Performance

–  Area




TradiIonal)Hardware)Design


8'

•  Pros

– HDLs)(Verilog))are)very)expressive


•  Designer)can)tune)design)perfectly

–  Engineers)know)and)trust)Verilog


•  Industry)standard


always'@'(posedge'Clk)'



TradiIonal)Hardware)Design


9'

•  Cons

–  RTL)is)Ime)consuming

–  Single)implementaIons)take)weeks,)months,)to)years

–  IntuiIon)driven


•  Make)decisions)up)front

•  MiscalculaIons)can)be)costly
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TradiIonal)Hardware)Design
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•  Cons

–  RTL)is)Ime)consuming

–  Single)implementaIons)take)weeks,)months,)to)years

–  IntuiIon)driven


•  Make)decisions)up)front

•  MiscalculaIons)can)be)costly





No)high)level)approach)to)

understand)design)space




High)Level)Synthesis)
Vivado)HLS


12'

•  Xilinx’s)HLS)soluIon

–  C)to)Gates)has)been)a)pipe)dream)for)decades

–  Vivado)HLS)paving)the)way


•  Considers)all)aspects)of)Hardware)Design


©'Copyright'2013'Xilinx'



High)Level)Synthesis


13'

•  Generate)RTL)from)HLL)

–  Restrict)and)abstract

))))))expressivity)of)HDL

–  Trust)the)compiler


–  Like)wriIng)C++)rather

than)ASM





……………… 
 ……………… 

 

 
VHDL%

Verilog%

System%C%

 

Vivado%HLS%

Direc,ves/
……………… 

 ……………… 
 

 
C, C++, 
SystemC 

 

RTL%Export%

IP<XACT% Sys%Gen% PCore%

©'Copyright'2013'Xilinx'



•  Scheduling

– Which)clock)cycle)an)operaIon)will)occur


–  Takes)into)account)the)control,)dataflow)and)user)direcIves


•  Binding)

– Maps)operaIons)to)available)hardware


–  Takes)into)account)component)delays,)user)direcIves)


HighSLevel)Synthesis)
Scheduling)&)Binding


Design%Source%
(C,%C++,%SystemC)%

Scheduling% Binding%

RTL'
(Verilog,%VHDL,%SystemC)%

Technology%%

Library%

User%%

DirecKves%

©'Copyright'2013'Xilinx'



High)Level)Synthesis)
Vivado)HLS


15'

•  Specify)desired)hardware


•  Apply)direcIves)for)performance





•  Peripheral)Support




RD% CMP' WR'

RD% CMP' WR'
RD% CMP' WR'

©'Copyright'2013'Xilinx'



High)Level)Synthesis)
In)this)talk


16'

•  Focus)on)data)path)design

–  Achieving)high)performance


•  Loop)Unrolling

•  Loop)Pipelining

•  FuncIonal)Unit)SelecIon)and)AllocaIon

•  Memory)parIIoning





©'Copyright'2013'Xilinx'



High)Level)Synthesis)
In)this)talk


17'

•  Focus)on)data)path)design

–  Achieving)high)performance







High)Level)Synthesis)
In)this)talk
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•  Focus)on)data)path)design

–  Achieving)high)performance







Accelerator)Design,)Tradeoffs,)and)Benchmarking)
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Harvard)University
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Accelerator)
Design)Tools)and)Workloads


•  IntroducIon)to)HLS

•  Coding)for)HLS

•  PracIces)for)Performance


•  MachSuite


•  Design)Space)ExploraIon


21'



Leveraging)HLS


22'©'Copyright'2013'Xilinx'



Loop)Unrolling


23'

•  By)default,)loops)are)rolled

–  Each)C)loop)iteraIon)


•  )Implemented)in)the)same)state)


–  Each)C)loop)iteraIon)

•  Implemented)with)same)resources




void%foo_top%(…)%{%
%%...%
%%Add:%for%(i=3;i>=0;i77){%
%b%=%a[i]%+%b;%

%%...%
%%} %%

foo_top%

+
%Synthesis'

a[N]%

b%

©'Copyright'2013'Xilinx'



Loop)Unrolling


24'

•  Unrolled)Loops)increase)

–  Performance,)Area,)Power


•  Lower)energy

void%foo_top%(…)%{%
%%...%
%%Add:%for%
(i=3;i>=0;i77){%

%b%=%a[i]%+%b;%
%%...%
%%}%%

©'Copyright'2013'Xilinx'



Loop)Pipelining


Latency%=%3%cycles%

Without%Pipelining%

Throughput%=%3%cycles%

RD% CMP' WR' RD% CMP' WR'

With%Pipelining%

Latency%=%3%cycles%

Throughput%=%1%cycle%

RD% CMP' WR'

RD% CMP' WR'

%Loop_tag%:%for(%II%=%1%;%II%<%3%;%II++%)%{%
%%%%%%%%op_Read;%

%%%%%%%%op_Compute;%

%%%%%%%%op_Write;%

%}%

RD%

CMP'
WR'

Loop%Latency%=%6%cycles% Loop%Latency%=%4%cycles%

'
'

Performance % %Area % %Power%

©'Copyright'2013'Xilinx'



•  IteraIon)interval)(II))is)the)Ime)

loop)must)wait)for)the)next)execuIon)to)begin







•  An)II=1)cannot)be)implemented

–  Port)cannot)be)read)at)the)same)Ime

–  Similar)effect)with)other)resource)limitaIons


•  For)example)if)funcIons)or)mulIpliers)etc.)are)limited


Loop)Pipelining)
)IniIaIon)Intervals


©'Copyright'2013'Xilinx'



•  Alloca*on)direcIve)limits)different)types

– OperaIons


•  FuncIonal)Units

–  FuncIons


•  Maps)mulIple)instanIaIons)to)same)RTL


Hardware)Resource))
SelecIon)and)AllocaIon


21- 27 

©'Copyright'2013'Xilinx'



•  Alloca*on)direcIve)limits)different)types

– OperaIon


•  FuncIonal)Units

–  FuncIons


•  Maps)mulIple)instanIaIons)to)same)RTL


•  Select)operaIon’s)implementa*on!
–  “Tag”)funcIonal)units




Hardware)Resource))
SelecIon)and)AllocaIon


21- 28 

a[i]'='b[i]'*'c[i]'' thisMult'='b[i]'*'c[i];''
a[i]'='thisMul;'

©'Copyright'2013'Xilinx'



•  Alloca*on)direcIve)limits)different)types

– OperaIon


•  FuncIonal)Units

–  FuncIons


•  Maps)mulIple)instanIaIons)to)same)RTL


•  Select)operaIon’s)implementa*on!

–  Select)core)for)thisMult)


Hardware)Resource))
SelecIon)and)AllocaIon


21- 29 

thisMult'='b[i]'*'c[i];''

Core% DescripKon%

Mul' Combina?onal'mult'
Mul3s' 3BStage'pipelined'mult'
MulnS' HLS'determine'stages'

©'Copyright'2013'Xilinx'



•  ParIIoning)breaks)an)array)into)smaller)elements


Array)ParIIoning


©'Copyright'2013'Xilinx'



High)Level)Synthesis)
Vivado)HLS


•  Covered)most)impacful)direcIves

–  Loop)Unrolling

–  Loop)Pipelining

– Memory)ParIIoning

–  Resource)selecIon)and)allocaIon


•  Many)more)exist..

–  ~30)explicit)direcIves)with)mulIple)dimensions

– With)the)correct)direcIves)and)code, 







designs)can)ohen)compete)with)handwriien)RTL


31'



Coding)For)HLS


32'In/conjunc,on/with/Primal/Patel/@/Xilinx/



HLS)CompaIble)Code


•  Language)Support

– What)you)CAN)do




•  Unsupported)Language)features

– What)you)CAN)NOT)do




•  Building)on)Language)standards

–  Adding)expressivity)in)HLLs

–  Coding)SuggesIons..)


33'



Language)Support


•  Vivado)HLS)supports)C,)C++,)and)SystemC

–  Provided)staIc)definiIon)at)compile)Ime

–  run)Ime)definiIons)are)not)synthesizable




•  Data)types

–  Float)and)double)cores)generated

–  Supports)arbitrary)precision)types

–  User)defined)fixed)point)types




•  ValidaIon)&)VerificaIon)Environment

–  Complete)bitSaccurate)validaIon)of)the)C)model

–  CSRTL)coSsimulaIon)verificaIon)soluIon)


34'©'Copyright'2013'Xilinx'



•  Dynamic)memory)allocaIon

–  Requires)construcIon)of)hardware)at)runIme


•  malloc,)alloc,)free)are)not)synthesizable




– Use)persistent)staIc)variables)and

))))))))))))))fixedSsize)arrays








Unsupported)Features))
Dynamic)Memory)AllocaIon


long'long'x'='malloc'(sizeof(long'long));'
'
int*'arr'='malloc'(64'*'sizeof(int));'
'

sta?c'long'long'x;'
'
int'array[64];'
'

©'Copyright'2013'Xilinx'



•  System)calls

–  C)system)calls)do)not)have)hardware)


–  prinf(),)getc(),)Ime(),)…    

–  Vivado)HLS)will)ignore)system)calls

–  Use)“__SYNTHESIS__”)

–  Synthesis)will)ignore)block

–  AutomaIcally)defined





Unsupported)Features))
System)Calls


void'foo'(…)'{'

'#ifndef%__SYNTHESIS__%%

%%Code/will//be/seen/by/simula,on./

//But/not/synthesis./

#endif'

Only%read%this%code%if%macro%

__SYNTHESIS__%is%not%set%

©'Copyright'2013'Xilinx'



•  Pointer)reinterpretaIon

–  Can’t)cast)a)pointer)to)a)different)type)





–  Pointer)casIng)allowed)between)naIve)integer)types





Unsupported)Features)
General)Pointer)CasIng)


struct'{'
''short'first;''
''short'second;''
}'pair;'

*(unsigned*)pair'='B1U;'
'

struct'{'
''short'first;''
''short'second;''
}'pair;'

pair.first'='B1U;'
pair.second'='B1U;'

Solu?on

assign)values)using)original)type




©'Copyright'2013'Xilinx'



•  Avoid)recursive)funcIons

– Not)synthesizable)in)general)


•  Code)reSentrance)indirectly)uses)dynamic)memory)allocaIon







Unsupported)Features))
Recursive)FuncIons


unsigned'foo%(unsigned'n)'{''
''''if'(n'=='0'||'n'=='1)'return'1;''
''''return'(foo(n<2)'+'foo(nB1));'
}'

Not%synthesizable:%Endless%recursion%

©'Copyright'2013'Xilinx'



Language)Support


•  Lots)of)support

•  Pointers)bring)conservaIveness

– Memory)disambiguaIon


•  SuggesIon

–  Help)the)compiler)for)best)results

–  Limit)pointer)use

–  Limit)potenIal)for)false)dependencies


Powerful)tool)–)


)))))but!conserva*sm!for!correctness!can!ruin!performance 




ImplementaIon)and)
CoSopImizaIons


40'



Importance)ImplementaIon


•  Consider)Simple)ApplicaIon)Kernel

–  In)place)SCAN
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Importance)ImplementaIon


•  Consider)Simple)ApplicaIon)Kernel

–  In)place)SCAN
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Data'='[1,'10,'4,'5]'



Importance)ImplementaIon


•  Consider)Simple)ApplicaIon)Kernel

–  In)place)SCAN
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Data'='[1,'10,'4,'5]' Scan(data)'



Importance)ImplementaIon


•  Consider)Simple)ApplicaIon)Kernel

–  In)place)SCAN
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Data'='[1,'10,'4,'5]' Scan(data)' Data'='[1,'11,'15,'20]'



Importance)ImplementaIon


•  Consider)Simple)ApplicaIon)Kernel

–  In)place)SCAN
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Data'='[1,'10,'4,'5]' Scan(data)' Data'='[1,'11,'15,'20]'

Data[x]= Data[i]
i=0

i=x
∑



Importance)ImplementaIon


•  Consider)Simple)ApplicaIon)Kernel

–  In)place)SCAN















*different)frequencies
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Importance)ImplementaIon


•  Consider)Simple)ApplicaIon)Kernel


–  Resource)ContenIon

–  Cannot)resolve)

)))))RAW)hazard
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Importance)ImplementaIon


•  Consider)Simple)ApplicaIon)Kernel

–  Increases)II

–  InstanIates)more)HW


•  But)compiler)cannot)make)good)use)of)it
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Importance)ImplementaIon


•  Consider)Simple)ApplicaIon)Kernel

–  Increases)II

–  InstanIates)more)HW


•  But)cannot)make)good)use)of)it
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Importance)ImplementaIon


•  Consider)Simple)ApplicaIon)Kernel

–  Increases)II

–  InstanIates)more)HW


•  But)cannot)make)good)use)of)it
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Importance)of)coSdesign


•  Instead)of)the)naïve,)serial)SCAN


))))

)))))))))))Can)we)try)something)smarter?






))))))))))))))))))))))))What)about)parallel)SCAN?
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Importance)of)coSdesign


•  Parallel)SCAN
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DATA%

DATA15% DATA16%DATA1% DATA2%

Local/Scan/



Importance)of)coSdesign


•  Instead)of)the)naïve,)serial)SCAN
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DATA%

DATA15% DATA16%DATA1% DATA2%

SUM[15]%



Importance)of)coSdesign


•  Instead)of)the)naïve,)serial)SCAN
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DATA%

DATA15% DATA16%DATA1% DATA2%

SUM[0]%

DATA%

SUM[14]% SUM[15]%



Importance)of)coSdesign


•  Exposing)parallelism)explicitly)to)


HLS)tool)helps


•  Must)sIll)tune)parallel)code
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Importance)of)coSdesign


•  Exposing)parallelism)explicitly)to)


HLS)tool)helps


•  Must)sIll)tune)parallel)code

–  CoSopImize)data)access)paierns

)))))and)Array)par??oning
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How!much!difference!can!such!tuning!make?!



A)Lot.
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What)Happened?
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1667%cycles% 4611%cycles%



What)Happened?
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•  Same)direcIves

–  Single)port)SRAMs

–  Arrays)factor)4)parIIon,)cyclic

– Outer)Loops)pipelined


AutomaIcally)completely)

unrolls)inner)loop





Same)Algorithm

)Different)Implementa?on










What)Happened?
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•  “UnopImized)C)Code”

–  Pipelining)result:)

)))))))))Target)II:)1,)Final)II:)30

)


•  “OpImized)C)Code”

–  Pipelining)result:)

)))))))))Target)II:)1,)Final)II:)8







What)Happened?)
UnopImized)C)Code
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)for)i)=)1):)Block


for)radixID):)Radix

))))))bucket[i*Block+radixID)])+=))




))))))))))))))))))))))))))))))))))bucket[i*Block+)radixIDS1];

)))))))))))))))
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for)radixID):)Radix)



for)i)=)1):)Block



)))))))))))bucket[i*Block)+radixID)])+=))



))))))))))))))))))))))))))))))))))bucket[i*Block)+)radixIDS1];

)))))))))))))))


What)Happened?)
OpImized)C)Code




SoluIon
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SCAN'
Accelerator'

SCAN'
Accelerator'

MEMORY' MEMORY'



SoluIon
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SCAN'
Accelerator'

SCAN'
Accelerator'

MEMORY' MEMORY'



SoluIon
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SCAN'
Accelerator'

SCAN'
Accelerator'

MEMORY' MEMORY'

✔'



MachSuite:)
An)Accelerator)Benchmark)Suite)

[)IISWC)2014)]


66'



MachSuite


•  MoIvaIon




– No)commensurability)across)publicaIons


–  Just)saw)how)much)implementaIon)maiers


–  It)takes)a)lot)of)Ime)to)write)benchmarks…


))))))))Doesn’t)make)sense!
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Literature)Survey
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25/Papers/
/

88/Different/Benchmarks/
64/used/only/ONCE/



MachSuite
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MachSuite
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Kernel%

Algorithms%



Why)not)use)exisIng)
GPU)Benchmark?


•  GPUs)and)Accelerators)

)))))))))))))different)approaches


–  CUDA/OpenCL)targets)preLdefined)hardware)(GPU)



–  Accelerators)make)sense)when)GPUs)do)not



–  Accelerators)need)to)account)for)more)than)TLP


•  FU)selecIon/allocaIon

•  ILP

•  Arbitrary)memory)hierarchy
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Usability)and)CharacterizaIon


•  MachSuite)prides)itself)on)usability 

– MakeFile)generates)binaries)and)RTL!


•  Scripts)to)sweep)direcIves)

–  All)loops,)FUs,)Memories)are)“tagged”)




•  Paper)provides)rigorous)characterizaIon

–  ApplicaIon)Space)coverage

–  Locality,)parallelism,)etc.…
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Try)it)Out!


•  BETA)version)of)MachSuite)


on)you’re)Aladdin)USB)drive





•  Public).git)repository)

and)preSprint)paper)coming)soon





)!Register!online!and!we’ll!send!you!a!link!!
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Design)Space)ExploraIon)
[)ISLPED)2013)]
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What)HLS)Enables


•  QuanItaIve)approach)to)DSE

– Not)as)dependent)on)intuiIon




•  Feedback)from)compiler)as)to)what)to)tune

–  As)seen)before,)keep)II low




•  Leave)nothing)on)the)table

–  EnIre)Design)Space

– How)good)is)10x?
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QuanIfying)AcceleraIon)
ISLPED)2013


•  Explore)large)design)spaces


•  Analyze)Pareto)FronIer)designs

–  Provide)insight)on)performance)scaling





•  Compare)Accelerator)designs)to)GPSCore
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Accelerator)Design)Flow
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C Code

Vivado

Cortex-M0

Design Compiler

Design Compiler

ModelSim

ModelSim Perf_Acc

Power_Acc

Power_M0

Perf_M0

Operating 
Frequency 40 nm Cells

Verilog

Directives

ARM 
Compiler

*note)here)we)also)swept)FU)implementa?ons)and)frequencies




ApplicaIon)Kernels


Simple)workloads,)huge)design)space
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TRIAD' STENCIL'



InstrucIon/Area)Breakdown
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Different)Energy)Scaling
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TRIAD% STENCIL%



Conclusions


•  HLS)can)generate)high)performing)Hardware

–  If)you)do)it)right…


•  Very)sensiIve)to)implementaIon

– MachSuite)offers)benchmarking)standard!


•  Despite)specificity,)Huge)Space!



•  But)really…)I)only)care)about)Pareto)Points


–  Energy)breakdown)example
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Conclusions





•  With)Aladdin,)you)get)the)Pareto)Points)100x)
faster!





•  Avoid)cumbersome)C)code)tuning

– More)powerful)analysis,)less)restricIons
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MachSuite)(backup)
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Power)Model(backup)


Micro'
Benchmarks' Design'Compiler'

Standard'Cell'Libraries'

FreePDK'45nm' TSMC'40nm'

Ac?vity'
Files'

Power!
!
Delay!
!
Area!



LUMOS!
A!Framework!with!Analy1cal!Models!for!
Heterogeneous!Architectures


Liang!Wang,!and!Kevin!Skadron!


(University!of!Virginia)




What!is!LUMOS


•  A!set!of!firstGorder!analy1cal!models!targe1ng!
heterogeneous!system!including:!conven1onal!
cores!and!accelerators
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Lumos 

Voltage*
Frequency"

Scaling"Model"

Technology"
Scaling""
Model"

Workload"
Model"

Core"Performance"
Model"

Accelerator"
Performance"

Model"

Applica@on"
Descrip@on"

Accelerator"
Descrip@on"

User"Input"

System"
Defini@on"



Why!LUMOS


•  Heterogeneous!systems!with!accelerators!have!
huge!design!space
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Big$Core

S

S

Small
Core

S

S

S

Reconfigurable$
Logic$

(e.g.$FPGA)

App<specific$
Accelerator$
(e.g$ASIC)

ASIC

ASIC

Po
w
er
&E
ffi
ci
en

cy

Generalization

App4Specific
Accelerators

Reconfigurable&
Logic

Small&
Throughput&

Cores& Big&High4
Perf.&Cores



Why!LUMOS!(cont.)


•  Quickly!explore!answer!for:

–  Big!cores!vs.!many!small!cores!


•  Are!massive!small!cores!(poten1ally!at!lower!Vdd.)!beOer!
than!a!couple!of!big!cores?


–  Conven1onal!cores!vs.!hardware!accelerators

•  Are!hardware!accelerators!actually!needed?


–  Reconfigurable!vs.!appGspecific

•  In!which!case,!reconfigurable!logic!is!favored!over!appG
specific!accelerators,!and!vice!versa.
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Agenda


•  Model!Details


•  Framework!Interfaces


•  Case!Studies

•  Extension!to!LUMOS
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Technology!Scaling!Model


•  Based!on!Predic1ve!Technology!Model!(PTM)*

–  From!45nm!to!16nm


–  Both!HighGPerformance!(HP)!and!LowGPower!(LP)!variants
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*[B.%H.%Calhoun%et%al,%at%ISCAS%2009]%

1"
0.9"

0.8"
0.7"

0.42" 0.47" 0.51" 0.51"

0"

0.2"

0.4"

0.6"

0.8"

1"

1.2"

45nm" 32nm" 22nm" 16nm"

Vdd" Vt"PTM_HP"



VoltageGFrequency!Scaling!Model


•  Simulate!an!32Gbit!ripple!carry!adder!with!
Predic1ve!Technology!Model!(PTM)*,!from!45nm!
to!16nm

–  Sweep!voltage!from!0.3V!to!1.1V


•  Using!3Gσ!in!MonteGCarlo!simula1ons!to!
determine!the!worst!frequency!due!to!process!
varia1ons
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*[B.%H.%Calhoun%et%al,%at%ISCAS%2009]%



Impact!of!Process!Varia1ons
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10x$ 2x$

Simulated"adder"frequency"with"HP"process,"at"16nm"

Larger"performance"varia@on"
near"threshold"than"nominal"



Core!Performance!Model
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Area:"A"

Power:"P"

Symmetric"Mul@*core"System"

),
)(

min(
a
A

vp
Pn =Number"of""

ac@ve"cores"

A"Single"core"
v"

Area:"a"
Power:"p(v)"
Freq:"f(v)"

Dynamic"Power"

Sta@c"Power"

Frequency"

2vf ⋅∝

Fi[ed"to"circuit"sim."

Fi[ed"to"circuit"sim."

)()(
1

1

max VperfnVperf

speedup

⋅
+

−
=

ρρUse"Amdahl’s"Law"to"model""
mul@*core"speedup"in"terms""
of"throughput".""



Accelerator!Performance!Model
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​"↓0 :Area)of)a)single)baseline)core"

3:Relative)performance)of)an)accelerator)with)the)size)of)​"↓0 "
<:Relative)power)of)an)accelerator)with)the)size)of)​"↓0 "

"#:)Area)of)an)accelerator"

Accelerator"Parameters*"

Accelerator"Modeling"

>?@A=#3⋅ ​"/​"↓0  " >CD?@=#<⋅ ​"/​"↓0  "

*Similar%to%[E.%S.%Chung,%at.%el.%,%MICRO10]%



Workload!model
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A0" A1" An"

Serial"
(1*"ρ)"

Parallel"
"(ρ)"

k0"k1"k2"

c2" c1" c0"

Parameters"for"a"kernel:"
1)  Speedup"with"accelerators2"
2)  Coverage"within"an"app"(ci)."

1Kernels%are%always%within%parallel%porFon%of%an%applicaFon"
2Accelerator’s%speedup%is%proporFonal%to%its%area%

Workload$

Applica1on$

Kernel1$

Serial"

Parallel"

Kernel"

Executed"by"a"conven@onal"core"

Executed"by"conven@onal"cores"in"
parallel"

Executed"by"the"best"available"
accelerators"(e.g."app*specific"will"be"
favored"over"reconfigurable),"otherwise"
executed"by"conven@onal"cores"in"
parallel""

Execu@on"Model"



Agenda


•  Model!Details


•  Framework!Interfaces


•  Case!Studies

•  Extension!to!LUMOS
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Applica1on!Descrip1on


•  Encoded!in!XML!format


•  Each!applica1on!is!characterized!by:

–  Parallel!frac1on!(f_parallel)

–  Kernels’!rela1ve!execu1on!1me!(cov)
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<workload>*
*<app*name=“sigproc”>*
**<f_parallel>0.7</f_parallel>*
**<kernel_config>*
***<kernel*name=“sort”*cov=“0.3”/>*
***<kernel*name=“fft”*cov=“0.35”/>*
**</kernel_config>*
*</app>*
*…*
</workload>*



Accelerator!Descrip1on


•  Encoded!in!XML!format,!indexed!by!kernels


•  Accelerator!devices!are!characterized!by:

–  Rela1ve!performance!(µ)


–  Rela1ve!power!(φ)

–  Scaled!to!the!same!size!of!a!!baseline!core
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<kernels>*
*<kernel*name=“fft”>*
**<fpga*mu=“2.4”,*phi=“1.5”/>*
**<asic*mu=“10.2”*phi=“2.3”/>*
</kernel>*
*…*
</kernels>*



System!Defini1on


•  CommandGline!parameter!(could!be!migrated!to!XML!
in!the!future)


•  ChipGlevel!design!constraints

–  Area

–  TDP

–  Technology!node


•  Core!parameters

–  Core!type!(e.g.!IOCore,!O3Core)


•  Accelerator!related!parameters

–  Area!alloca1on

–  Type!of!ASIC!accelerators
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System"Def."
area=100*
power=60*
tech=16*
Core_type=IOCore*
fpga=10%*
asic_sort=10%*
asic_fft=5%*



Agenda


•  Model!Details


•  Framework!Interfaces


•  Case!Studies

–  Case!I:!Conven1onal!Cores

–  Case!II:!Op1mal!Accelerator!Alloca1on


–  Case!III:!Benefit!of!AppGSpecific!Accelerators

•  Extension!to!LUMOS
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Case!Study!I:!Conven1onal!Cores


•  Baseline!(Niagara2Glike!IOCore)


•  ChipGlevel!budgets!
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Frequency$
(GHz)$

Dynamic$
Power$(W)$

Leakage$Power$
(W)$

Area$
(mm2)$

4.20" 6.14" 1.06" 7.65"
*Derived%from%McPAT,%scaled%to%45nm%

System$Type$ Reference$ Area$(mm2)ⱡ$ TDP$$(W)$ⱡ$ Max$#$of$$Base$
Cores$at$45nm*$

Desktop" Core2"Quad" 107" 33" 14"

Small"Server" Xeon" 130" 65" 17"

Large"Server" SPARC"T4" 200" 120" 26"
ⱡ%Assume%50%%budget%for%coreTonly%components%
*Calculated%by%dividing%base%core%area%from%total%core%area%budget%



Case!Study!I:!Assump1ons


•  Sufficient!bandwidth


•  Highly!parallel!applica1on!with!E=0.99.!(e.g.!HPC)

•  Speedup!normalized!to!a!single!baseline!core


•  When!accelera1ng!parallel!part!of!an!applica1on,!
LUMOS!searches!for!the!best!opera1ng!supply!
voltage!achieving!the!highest!throughput
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Case!Study!I:!Dark!Si.!vs.!Dim!Si.


•  Alterna1ve!cases

–  Ideal:!ignore!varia1on!impacts!

maximize!freq!subject!to!TDP


–  VarWC:!worstGcase!varia1on!
penalty


–  VarRdc1:!50%!of!WC!penalty


–  VarRdc2:!10%!of!WC!penalty


19"

•  2x"speedup"if"ignoring"varia@on"impacts"
•  3x"slowdown"with"worst*case"
frequency"

2x$3x$

Area=107mm^2,"TDP=33W"



Case!Study!II:!Accelerator!Setup


•  Synthe1c!kernels!and!accelerators

–  Reconfigurable!accelerator!rela1ve!performance!(3)!
ranging!from!20x!to!60x


–  Assume!a!fixed!ra1o!(5x)!of!AppGspecific!over!
reconfigurable!accelerators
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K1$ K2$ K3$ K4$ K5$ K6$ K7$ K8$ K9$ K10$

RL" 20" 24" 28" 33" 37" 42" 46" 51" 55" 60"

ASIC" 100" 120" 140" 165" 185" 210" 240" 255" 275" 300"

Rela@ve"Performance"(3)"of"Synthe@c"Accelerators"



Case!Study!II:!Synthe1c!Applica1ons
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K1 K2 K3 K4 K5 K6 K7 K8 K9 K10
Synthetic)
kernels

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
Probability*of*
appearance

Weight*of*
coverage 1/P1 1/P2 1/P3 1/P4 1/P5 1/P6 1/P7 1/P8 1/P9 1/P10

Highest lowestlowest

Library8like*kernels*are*likely*to*
appear,*but*unlikely*to*dominate*
coverage,*while*app8specific*kernels*
are*the*other*way*around

1 0 0 0 1 0 1 0 0 0Binary'mask'indicate'
kernels'appearance

Slot'i'has'the'probability'
of'Pi'to'be'1

K1 K5 K7
Kernels'in'an'
application

K1 K7 K5

Total&coverage&of&all&kernels&follows&
a&normal&distribution&N(0.4,&0.1)

Each&kernel’s&coverage&
is&allocated&by&weight Parallel We"generate"500"

synthe@c"applica@ons"
to"compose"a"
generalized"workload"



Case!Study!II:!Op1mal!Accl.!Configura1on


•  16nm,!ideal!parallelism!for!all!applica1ons
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Op@mal"at"20%"of"
Acc."alloca@on"

Best"config:"
"""80%"*>"Dim"Si."
"""20%"*>"FPGA"""""



Why!RL!Only?


•  RL!is!almost!“as!powerful!as”!AISC

–  Assume!5x!performance!ra1o!between!RL!and!ASIC

–  Assume!linear!performance!scaling!to!allocated!area


–  A!large!RL!alloca1on!is!jus1fied!by!the!high!u1liza1on!
achievable!across!mul1ple!kernels


•  A!single!ASIC!is!too!expensive!due!to!small!average!
coverage!of!the!target!kernel

–  Small!coverage!within!applica1ons!(libraryGcall!kernels)

–  Rare!presence!among!applica1ons!(appGspecific!
kernels)
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Case!Study!III:!Benefit!of!ASIC!accelerators


•  Alterna1ve!ra1o!between!RL!and!ASIC

–  5x,!10x,!50x


•  Add!one!more!synthe1c!kernel

–  RL!has!a!rela1ve!performance!µ=40


–  Keep!its!coverage!at!20%!across!applica1ons

•  Total!coverage!for!all!other!kernels!is!fixed!across!
applica1ons.
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Case!Study!III:!Benefit!of!ASIC!accelerators


•  Dedicated!ASIC!is!beneficial,!when:

–  Significant!coverage!of!the!targeted!kernel!(SigCov)

–  Significant!performance!gap!between!ASIC!and!FPGA!(SigPerf)
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SigCov"

SigPerf"

20%"coverage"for"the"targeted"kernel"
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FPGA"Only"



Agenda


•  Model!Details


•  Framework!Interfaces


•  Case!Studies

•  Extension!to!LUMOS
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Extension!to!LUMOS


•  New!technology!model!(FinFET,!TGFET,!etc.)


•  Detailed!performance!model!(memory!impacts)


•  Realis1c!accelerator!and!workload!characteris1cs!
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LUMOS!Release


•  LUMOS!is!available!at:

–  liangwang.github.io/lumos


•  Related!publica1on

–  L.!Wang,!K.!Skadron,!“Implica1ons!of!the!Power!Wall:!
Dim!Cores!and!Reconfigurable!Logic.”!IEEE!MICRO,!
Sep.GOct.!2013


–  L.!Wang,!K.!Skadron,!“Dark!vs.!Dim!Silicon!and!NearG
Threshold!Compu1ng!Extended!Results.”!TR,!UVAG
CSG2013G01,!University!of!Virginia.
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BACKUP
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UGcore!area!for!Case!III


Ra1o$$\$$$cov.$$ 10%$ 20%$ 30%$ 40%$

5x" 10" 15" 20" 20"

10x" 10" 15" 20" 20"

50x" 10" 10" 15" 20"

30"



Benefit!of!ASIC!Accelerators!(detailed)

•  An!ASIC!accelerator!is!beneficial!only!when!its!targeted!kernel!

covers!significant!por1on!of!the!applica1on!(e.g.!more!than!the!
total!coverage!of!all!other!kernels)
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FPGA"Only"

50%"FPGA+"
50%""ASIC"

Kernel"coverage:"30%"targeted"kernel,"10%"all"other"kernels"



WIICA 
Workload(ISA,Independent(Characteriza6on(for(

Applica6ons((



Yakun(Sophia(Shao,(Emma(Wang,(

Gu,Yeon(Wei,(David(Brooks(

Harvard(University






Specialized(architectures(are((
decoupled(from(legacy(ISAs.(


Spectrum of 
Specialization: !

General-Purpose !
CPU! GPU! Fixed-Function 

ASIC!

High Efficiency !Low Efficiency !

Low 
Programmability !

High 
Programmability!



Specialized(architectures(are((
decoupled(from(legacy(ISAs.(


Spectrum of 
Specialization: !

General-Purpose !
CPU! GPU! Fixed-Function 

ASIC!

High Efficiency !Low Efficiency !

Low 
Programmability !

High 
Programmability!

No ISA!Tied to a 
Specific ISA!



Performance,Counter(Based((
Workload(Characteriza6on


•  Metrics

–  IPC

–  Cache(miss(rates

–  Branch(mis,predic6on(rates


– …

•  Microarchitecture,dependent

– What(if(there(is(a(bigger(cache/a(beMer(branch(
predictor?


– Not(program(intrinsic(characteris6cs




ISA(impacts(program(behaviors.


Stack(Overhead

•  Limited(Registers

•  Addi6onal(Load/Store


Complex(Opera6ons

•  Memory(Operands

•  Vector(Opera6ons


Calling(Conven6ons
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ISA(impacts(program(behaviors.


Stack(Overhead

•  Limited(Registers

•  Addi6onal(Load/Store


Complex(Opera6ons

•  Memory(Operands

•  Vector(Opera6ons


Calling(Conven6ons




WIICA(Summary


Goal:

•  An(analysis(tool(to(characterize(workloads(ISA,independent(characteris6cs(
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for(specialized(architectures



Methods:

•  Leverage(compiler’s(intermediate(representa6on((IR)

•  Categorize(characteris6cs(into(compute,(memory,(and(control




Takeaways:

•  ISA,dependent(characteriza6on(is(misleading(for(specializa6on.


•  ISA,independent(characteriza6on(allows(designers(to(quickly(iden6fy(
opportuni6es(for(specializa6on.
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Program(Representa6ons


ILDJIT

•  A(modular(compila6on(framework

•  Performs(machine,independent(classical(

op6miza6ons(at(the(IR(level


•  Uses(LLVM’s(back(end(to(

–  Do(machine,dependent(op6miza6ons(


–  Generate(machine(code


Program!

IR Trace!

x86 Trace !

ILDJIT!

LLVM!

Campanoni, et al., A Highly Flexible, Parallel Virtual Machine: Design and Experience of ILDJIT, 
Software Practice Experience, 2010 !



Program(Representa6ons


ILDJIT(IR




•  High,level(IR


•  Machine,,(ISA,,(and(system,library,
independent


•  Features:

–  80(instruc6ons

–  Unlimited(registers


–  Only(loads/stores(access(memory

–  No(vector(opera6ons

–  Parameters(are(passed(by(variables


Program!

IR Trace!

x86 Trace !

ILDJIT!

LLVM !
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x86(Trace

•  Used(for(ISA,dependent(analysis

•  Seman6cally(equivalent(to(the(IR(code


•  Collected(with(Pin(instrumenta6on(


Program!

IR Trace!

x86 Trace !

ILDJIT!

LLVM !
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Entropy:(a(measure(of(the(randomness




Entropy = − p(xi )* log2
i=1

N

∑ p(xi )

Case 1: !
X is always a constant. !
!
! p(X) =1

log2 p(X) = 0
Entropy = 0

Case 2: !
N possible outcomes of 
X occur equally.!
!

p(X) = 1
N

log2 p(X) = log2 N
−1

Entropy = −N * 1
N
* log2 N

−1

Entropy = log2 N
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Memory::Spa6al(Locality(Score�

L = P(stride =1)
stride =1

=1

Lspatial =
P(stride)
stridestride=1

stride<∞

∑

�x0000# 0x0000#

0x0004# 0x0001#

0x0008# 0x0002#

0x000C# 0x0003#

L = P(stride = 4)
stride = 4

=
1
4

Address Stream A ! Address Stream B!
(less spatial locality) ! (more spatial locality) !

Weinberg, et all, Quantifying Locality in the memory access patterns of HPC applications, !
In SC, 2005 !
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Control!

•  Opcode Diversity!
•  Static Instructions (I-MEM)!

•  Memory Footprint (D-MEM)!
•  Memory Entropy!
•  Locality Score!

•  Branch Instruction Counts!
•  Branch Entropy!

Yokota, et all, Introducing Entropies for Representing Program Behavior !
and Branch Predictor Performance, 07 !
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