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Open Source RE|ease Of ESPhttps:// www.esp.cs.columbia.edu
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ESP

the open-source SoC platform
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The ESP Vision

ESP is an open-source research platform for heterogeneous system-on-chip design that combines a flexible

tile-based architecture and a modular system-level design methodology.
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ESP provides three accelerator flows: RTL, high-level synthesis (HLS), machine learning frameworks. All three
design flows converge to the ESP automated SoC integration flow that generates the necessary hardware and

software interfaces to rapidly enable full-system prototyping on FPGA.
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Embedded Systems: The Invisible Computing

Upcoming talk at
VLSID & ES 2020
in Bangalore

We will give a talk about ESP
in Bangalore (India) on
January 5th at the
International Conference on
VLS| Design and
International Conference on
Embedded Design (VLSID &

ES).
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Why ESP?

Accelerators

= )

Heterogeneous systemsare pervasive N
Integratingacceleratorsinto a SoC is hard \
Doing so Iin acalableway Is very hard
Keeping the systensimple to programwhile doing so is even harder

Embedded SoC

ESPmakes iteasy

ESP combines acalable architecturewith aflexible methodology

ESP enableseveral accelerator design flows |
and takes care of the hardware and software integration
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ESP Vision: Domain Experts Can D&siGis
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1. Motivation
w The Rise of Heterogeneous Computing

2. Proposed Architecture
w Embedded Scalable Platforms (E

3. Methodology and Design Flow

w with a Retrospective on
Latencylnsensitive Design

The Protocol & Shell
Qaradigm

Pa
< HR

P
©SLD Group Columbia University A=4 o g%l{.ycﬁ?m UNIVERSITY

OF NEW YORK



Heterogeneous Architectures Are Emerging Everywher
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How it Works
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From Microprocessors to SystemsChip 500

A\
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The System Migrates into TGaip: Evolutionf Mobile Phones -
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Inside theSmartPhond&evolution: the AppleRhone 3G
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The Growth of Specializd& Blocks: The Apple 88C

Number of specialized IBlocks acros$ive generatlons of Applé&oCs
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| o The analysisf die photost NB Y | LJLJX S QaSoCsc
Mot l | shows that more than half of the die area is dedicated to

Dual-Core CPU

blocks that are neither CPUs nor GPUSs, but rather
specialized Intellectual Property (IP) blocks

w Many IP blocks aracceleratorgi.e. specialized hardware
components that execute an important computation more
efficiently than software

P=

©SLD Groug Columbia University h=4 = g?&%ﬁgﬁ?ﬂ?ﬁksn\{




A (Perhaps Easy?) Prediction:
No Single Architecture Will Emerge as the Sole Winner

AThe migration from homogeneous multiore architecturess
to heterogeneous Systeron-Chip architectures will
accelerate, across almost all computing domains

Afrom loTdevices, embedded systems and mobile devices to de ..~ I}Asl |
centers and supercomputers < = S

AA heterogeneous SoC will combine an increasingly drver——
set of components
Adifferent CPUs, GPUs, hardware accelerators memory hierarc
Lkh LISNALKSNI fasz SyazNﬁ NJE\

AThe set of heterogeneouSoCsn productionin any given
year will be itself heterogeneous!

Ano single SoC architecture will dominatiéthe markets
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Where the Key ChallengesSa S&a A 3y ! N

wThe biggest challenges are (and will mcreasmgly be) fountthm

complexity of system integration

¢ How to design, program and validate scalak
systemsthat combine a very large number o
heterogeneouscomponents to provide a
solutionthat is specialized for a targatlass
of applications?

wHow to handle this complexity? !

¢ raise the level of abstraction t&ystemLevel Design
¢ adopt compositional design methods with therotocol& Shell Paradigm
¢ promote DesignReuse

R [ oo
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What isNeeded? Tadhink at the System Level

wMove from a processocentric to anSoCcentric perspective
¢ The processor core Is just one component among many others

wDevelopplatforms, not justarchitectures
¢ A platform combines an architecture and a companidesign methodology

wRaise the level of abstraction
¢ Move from RTL Design to Systebevel Desigi 4

wPromote OpenSource Hardware
¢ Buildlibraries of reusablecomponents
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Our Systenbevel Design Approach to Heterogeneous
Computing: Key Ingredients

A Develop Platforms, not just Architectures
A A platform combines ararchitectureand a companiomlesign methodology

A Raise the level of abstraction
A Move from RTL Design &ystemLevel Design
A Move from Verilog/VHDL to higlvel programming languages likgstemC
A Move from ISA and RTL simulators/icual Platforms
A Move from Logic Synthesis ktighLevel Synthesiboth commercial and #fouse tools), which is the
key to enabling rich desigspace exploration
A Adopt compositional design methods
A Rely oncustomizable libraries of HW/SW interfadessimplify the integration of heterogeneous
components
A Use formal metrics for design reuse
A Synthesizéareto frontiersof optimal implementations from higtevel specs

A Build real prototypes (both chips and FP&Aased fultsystem designs)
A Prototypesdrive researclin systems, architectures, software and CAD tools
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1. Motivation
w The Rise of Heterogeneous Computing

2. Proposed Architecture
w Embedded Scalable Platforms (E

3. Methodology and Design Flow

w with a Retrospective on
Latencylnsensitive Design

The Protocol & Shell
Qaradigm
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The ESP Scalable Architectlemplate

Possible Instance of an ESP Chip

¢ each hosting at least one configurable processor
core capable of running an OS

¢ synthesized from higHevel specs
w Other Tiles
¢ memory interfaces, I/O, etc.
w Network-on-Chip NoQ
¢ playing key roles at both design and run time

Template Properties

w Regularity
C tile-based design

G pre-designed orchip o
Infrastructure for communication
and resource management

 Flexibility

¢ each ESP design is the result of a
configurable mix of
programmable tiles and
accelerator tiles

w Specialization

¢ with automatic highlevel
synthesis of accelerators for key
computational kernels
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Example of a System We Built:
FPGA Prototype to Accelerate WiAe®a Motion Imagery

— 2 i e =P
4. WAMI_APP_GRAYSCALE 5. WAMI_APP_GRADIENT 6. WAMI_APP_WARP 7. WAM|_APP_SUBTRACT e L Toggle Statistics . .
w Design: Complete design of WAMA
-.‘ 3 .
8 WAM|_APP STEEPEST DESCENT| 9 W& _APP HESSIAN 10 WAMI_APP_SD_UPDATE 11 WAMI_APP_MULT | e A
| running on an FPGA implementation ¢
12. WAMI_APP_RESHAPE 13. WAMI_APP_ADD | 14 WAMI_APP_CHANGE_DE[ECT!ON- e g p

an ESP architecture

¢ featuring 1 embedded processor,
12 accelerators] five-planeNoG and2
DRAM controllers

¢ SWapplication running on top dfinux
while leveraging multthreadinglibrary
to programthe accelerators and contro
their concurrent, pipelined execution

¢ Fiveplang 2D meshNoCefficiently
supports multiple independent
| R o frequency domains and a variety of

e platform services

g Motion Detection from

WAMI-Application
©SLD Groug Columbia University

Power consumption relative to VF max

.89 10 11 12 13 14

[P Mantovani, L. P.Carloni et al, An FPGMABased
Infrastructure for FineGrained DVFS Analysis in
High-PerformanceEmbedded System®AC 2016
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ESP Architecture

ARISGV Processors
AMany-Accelerator
ADistributed Memory
AMulti-Plane NoC

-

The ESP architecture implements a

S
.

distributed system, which iscalablg 3
modular andheterogeneous, f:,
giving processors and accelerators 5
N similar weight in the SoC y =
E
P=N
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ESP Architecture: Processor Tile

NoC
routers

AProcessor offthe-shelf VA T
® ® ® ® L1 cache ‘_:3.
o O O o o =
o L1 private cache S| 2ecache
proc |
AL2 private cache S e e e “lanes . Slane
o Configurable size S Not
® ® ® ®

o MESI protocol
AlO/IRQ channel

o Un-cached
o Accelerator config. registers,
ETl OAOOODPOOh &I OOEh 5! 24h 8
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ESP Architecture: Memory Tile

NoC
it processor Tg
® ® ® ® L1 cache ;:
ALLC and directory partition -
o Configurable size St " L2cache <o
proc |

0) Extended MESI prOtOCOI ° °® ® ® colrlzrfensce I(gO!ES

o Supports coherenrDMA o | N NoC

for accelerators e e e T— PRAM

ADMA channels mem. chl
AIO/IRQ channel -~ >
LLC & -
directory <= I 1 E
4 b

coherence DMA |O/IRQ
planes planes  plane
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ESP Architecture: Accelerator Tile

NoC
routers
processor (—E
® ® ® ® L1 cache Tq_)
i S
- > 5
. IO £
o Directmemory-access Yo e | [2cache <
_ _ proc |
o Runtime selection of S — — coherence  I0/IRQ
coherence model: acc  mem NoC
® ® ® ®
A LLC coherent accelerator PLM mem. ctrl
A Non coherent read /write port confingor'r do‘Lne - ¢I ! >
. . LLC & =
o Userdefined registers cache == Tip == DA 99 1 R directory =111 | 3
Co . - ? ¥ ¥ al -
0] DlStrlbuted |nterrupt coherende DMA IO /IRQ coherénce DMA 10/IRQ
planes planes plane planes planes  plane
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Heterogeneous Applications Bring Heterogeneous Requiremt

Data Structures of the PERFEC_T TAV Benchmarks Structure and Behavior of th®ebayerAccelerator
g ﬂE:T:ﬁ:ﬁiﬁ:fﬁfﬂ::;; sccelerator Tile

O output data .
g Private Local Memory

sread

PLM ports

b
Pl
Li
ST aE I DMALC
Debayer Lucas Kanade write
u : T —— circulzir busfer
164bit pixel it pixel ] - T
32-bit pixel | 32-bit pixel
sl B O|* Output | out
bayer image ; » Hessian| & ping-pong buffer

&
3 (=)

debayer()

—N—

IJlE-hii. pixel I —|32-b-it.pixcl 1 _Ig.bitpixel I rﬂpm m D D E
l m:’:“ 1 — l _ outf1]= out(2] = \ out[1]=
...... ¥ ' ‘-5, “"9"“ Computation debeper debayer deheyer =

N — N {in[1,5]0 {in [im]3,71]
Interpalation-1 interpolation-2 1l Qutput n E E
_IS-'I.-b tl > Gd=bit ﬂua:‘ number I:I-:I I:hb
N P l _ w While the Debayerstructure and behavior is

— e | e representative of the other benchmarks, the specifics

Backprojection . Pt of the actual computations, I/O patterns, and

e.ﬁ =2 4] | e l i, scratchpad memories vary greatly among them

64 hitsﬂ MMMMMM mibs J=
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How to Couple Accelerators, Processors and Mentories

Tightly-Coupled Accelerators (TCA)

APrlvate |OC3.| mem0r|9$aka Accelerator Accelerator
scratchpad$ are key to N ggz Processor g @ g =
performance and energy efficiency ot ¥ SN
of accelerators ﬁ ':Jf i E

AThere are two main models of 2y AV AV : ¢
coupling accelerators with < == >
progessors, memories Loosely-Coupled Accelerators (LCA)

ATightly-Coupled Accelerators Aocalarator
ALooselyCoupled Accelerators %% Processor

[ E. G. Cota, Rlantovani, G. DiGuglielmq and L. P. Carloni, |_:;$J|T-‘1\D$

An Analysis of Accelerator Coupling in Heterogeneous

I NDKAGSOGdZNBASE 5!/ Qmp 8 < V>

P
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The Key Role of the Private Local Memories (PLV

\
&
DMA:
oLt reac \\x’ BankO0
I ‘ f—.‘_-
=
Computation 1 k Bankl Bank?2
A
vy D/f T4
Computation n ‘ink3 Bank4
A ]
v _ \\><,t Bank5
Output DMA/ :t Bank6
write/ /f"
/

©SLD Groug Columbia University

w Tailored, manyported PLMs are&ey to
accelerator performance

w A scratchpad featureaggressive SRALI
bankingthat provides multiport
memory accesses to match the
multiple parallel blocks of the
computation datapath

¢ Levell caches cannot match this
parallelism

[C. Pilato, PMantovani, G. DiGuglielmqg and L. P. Carloni, Systebevel
Optimization of Accelerator Local Memory for Heterogeneous Systems
on-Chip. IEEE Trans. on CAD of Integrated Circuits and Systems,]201
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ExploitingPLMgo Reduce the Opportunity Cost of
Accelerator Integration

(6)) TWO faCtS core iihl—: core . . . .

1.Accelerators are made mostly of memory=ie| [HEE| | Hifoe Private L Loca|
EEEENE EEEEEE ..==E I\/Iemorle_|.

2.Average utilization of accelerator PLMs is®== | [F=5=5
g L2 bank III

low = CT T
w Main observation: ﬁ
- Crri=E(1d- e CidtiTad Accelerator Loglc
¢ The accelerator PLM provide a de facto === MRERRE=SE=S f 0 77
NUCA substrate

W Implementation:

W Key dea: _ ¢ Minimal modification to accelerators
¢ Extend the last level cache with the PLMs ¢ Minimal area overhead

of those accelerators that are not in use Good Performance: BMBROCA can realize

[E. Cota, MMantovani, and L. P. Carloni, Exploiting Private ~70% of the performance/energy efficiency

Local Memories to Reduce the Opportunity Cost of Accelerator benefits of a samereaSMBSNUCA
LYOGSaNIraAz2ys L/ { Qmc#8 =

P
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ESP Accelerator Socket

ESP Accelerator Socket

ESP accelerator
HLS [C/C++, SystemC, Tensorflow*, Pytorch*]
RTL [Chisel, Verilog, ...]

read/write config done|

|

| |

|

| |

PLM

prlvate
cache

/ /

\

Y

Y

DMA

TLB ctrl regs

o

éééé

S e éé =l

coherence
planes

45 54

coherent-DMA DMA
planes planes

IO/IRQ
plane

NoC

Third-Party Accelerator Socket*

third-party accelerator

(NVDLA*, ...)
read/write config done
A
ﬁXI4 buslv APB busl > | IRQ
L 1
> 4 10/IRQ
plaal\gés plane NoC
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ESP Software Socket

AESP accelerator API

/*
o Generation of device driver

and unittest application

[}
I
I
I
1
I
I
I
I

* Example of existing C application

* with ESP accelerators that replace
* software kernels 2, 3 and 5
*/

o Seamless shared memory

I
1
I
I
I
I
I
1
I
I
I
)
I
I
I

I

int  *buffer = esp_alloc (size);
for (...){
Lo Application kernel_1(buffer,...); [* existing software */
v = | esp_run (cfg_k2); /* run accelerator(s) */
S E ESP Library i S (@
> \ kernel_4(buffer,...); [* existing software */
ESP accelerator driver : esp_run (cfg_k5);
— o \ _ L
8 103 < \ validate(buffer); [* existing checks */
S e ESP core ESP alloc ‘\‘ } esp_cleanup (); /* memory free
Linux ‘
-
©SLD Groug Columbia University

*/
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The Large Data Set Problem3mCAccelerators

w Findinga highperformance and lowoverhead mechanism that allows
hardware accelerators to process large data sets without incurring penalti
for data transfers

w Solution :
user virtual physical )
,,,,,, address address | 0x40000000 a lowoverhead accelerator virtual address space,
f éDMA . . . . -
- B which is distinct from the processor virtual address
CPU y Accelerator SpaCE,
with PLM . . .
¢ direct sharing of physical memory across processo
N S v and accelerators;
[ fa N ¢ a dedicated DMA controller with specialized
Application | (DRAM) - Computation translation look aside buffer (TLB) per accelerator;
Dataset contig_alloc() :
~ - A N e ¢ hardware and software support for implementing
; R chibortes AlL run-time policies to balance traffic among available
GB ' , then
3 wakes up the DRAM Channels
! ! processor
X ;);;3'05'06;350 [ P.Mantovani, E. Cota, C. Pilato, G. Di Guglielmo and L. P. Ca

Handling Large Data Sets for Higlerformance Embedded
=gy Applications in Heterogeneous Systeras-Chip. CASES 2016]

©SLD Groug Columbia University [ &2 COLUMBIA UNIVERSITY
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ESP Platform Services

Accelerator tile

Miscellaneous Tile

Debug interface
Coherent DMA

©SLD Groug Columbia University

Processor Tile
Coherence

/O and uncached memor
Distributed interrupts
DVFS controller

Memory Tile
Independent DDR Channel

LLC Slice
DMA Handler

{i;? COLUMBIA UNIVERSITY
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The Twofold Role of tHéetworkon-Chip

w A scalableNoCis instrumental to accommodate heterogeneous concurrency and
computing locality in ESP

w At Design Time

¢ simplifies integration of
hete rogeneous tiles to | |Thread|Thread| Thread Thigad RTOS Thread Thread |Thread| Thread
balance regularity and
specialization

w At Run Time

¢ energy efficient intertile
data communication
with integrated support | COREO
for fine-grain power
management and other
services

Final User

Thread|Thread Thﬁad Thread

Final User Final User

API

VCMF

VOlmterface | o .S T DA |
T N0 T == POWER-CONTROL |

[ {-%.I..I-I_ _I_i_I_____________;"‘:":--:':"'L ______________________________ J
w TheNoCinterface interacts directly with the Tile Socket that suppotttse ESP Platform Services
¢ communication/synchronization channels amorides
¢ fine-grainpower managemeniith dynamic voltagefrequency scaling
¢ seamless dynamic support for various accelerator coherence models

P
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Cache Coherence and Loosetyupled Accelerators

w An analysis of the literaturendicates thatthere are threemain cache
coherence model$or loosely-coupled accelerators

1. Non-Coherent Accelerator
C the accelerator operates througDMA bypassinthe processor caches

2. Fully-Coherent Accelerator

C the accelerator issues mamemoryrequeststhat are coherentvith the entirecache
hierarchy

wthis approach can endowccelerators witha private cache, thus requiring no updates to the
coherence protocol

3. Last Level Cache (LE@herent Accelerator

C the accelerator issues mamemory requests thaare coherent withthe LLC, but not
with the private caches dhe processors
winthis case, DMA transactions address fiared LLGather thanoff-chip main memory

[
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ExampleNoCServices to Support Heterogeneous
CacheCoherenceModels forAccelerators

wSeamless dynamisupport processor processor  mem. ctrl «-»%
for 3 coherence models: Siivate private THCE |
¢ Fully coherent accelerators Cq(fhe Ca(fhe d'rf?ﬂw
¢ Non-coherent accelerators Network-on-Chip fwd, acf  eq, Fsp
¢ LastLevelCache (LCC) A I v b v
coherent accelerators glrivatel e i
S datapath  datapath  datapath  datapath
S PLM PLM PLM PLM
[D. Giri, P.Mantovani, and L. P. CarloniAccelerators & COLUe”rém Coﬁéfem Coﬁé’r”em co];,ue”r)ém
Coherence: An SoC PerspectiMeEE MICRO, 2018. ] (cache) (no cache)
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Extending ESP to Support Heterogeneous Gaoherence
Models for Accelerators

SoC
1 f_h-::[ routers DH{QM
mem. ctrl
(DDR)
- rdfwr -
=P LLC &
'“E"1 directﬂry*—\;/\lg/ i
(1 2 3 4 |
e e ‘ o _._NoC|cgherence MF-. I IHQ
: ~—.._L planes planes plane]
¥ e
[‘bank | bank | Processor =
- = L1 instr) |E
accelerator [PLM (ank |[ bank | L1 instrijL1 data :
read/write port cunﬁ pnrt dune {#rdmr ‘Tin-..ral_ I:E
cache TLBE H [é':rgqr‘f"' | ‘rgi]gs] [ IFH]I lLE cache]_, flush
B B e = B e B )
1 2 23 4 5 1 2 23 B
cnl"erence MA I0/IRGQ |NoC ::nhlerence IQ/IRQ
| planes planes plane planes plane |
©SLD Groug Columbia University [N

w FirstNoGbased system enabling the
three models of coherence for
accelerators to coexist and operate
simultaneously through ruAime
selection in the same SoC

¢ Design based on ESP Platform Service

w Extension of the MESI directory
based protocol to integratd_LC
coherentaccelerators into an SoC

¢ The design leverages the tHeased
architecture of ESP over a packet
switchedNoCto guarantee scalability
and modularity
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Heterogeneous Coherence Implementation

Accelerator

sort «

Accelerator

fftld «

Accelerator

fft2zd =

Accelerator

spmv ¥

[D. Giri, P. Mantovanil.. P.Carlonj Accelerators & Coherence:
An SoCPerspective IEEE Micro, Nov/Dec 2018]

Cache

Cache

Cache

Cache

Check and Update SoC Configuration

Accelerator -

spmv ¥ Cache

Memory & Debug~

Cache
Processor -
v Cache
Accelerator -
sort - Cache

©SLD Groug Columbia University

Accelerator -
fft2zd - Cache

Processor -
v Cache

Memory v
Cache

Accelerator -

fftld = | |+ Cache

Accelerator -

fftld - Cache

Accelerator -

sort - Cache

Accelerator -

Accelerator -

fft2zd - Cache

w The CAD Infrastructure of ESP
allows

¢ direct instantiation of heterogeneous
configurable components from
predesigned libraries

¢ fully automated flow from the GUI to
the bitstreamfor FPGASs
w Extension of ESP to support
atomic testand-set and
compareand-swap operations
over the NoCallows
¢ running multiprocessor and

multi-accelerator applications
on top of Linux SMP
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1. Motivation
w The Rise of Heterogeneous Computing

2. Proposed Architecture
w Embedded Scalable Platforms (E

3. Methodology and Design Flow

w with a Retrospective on
Latencylnsensitive Design

The Protocol & Shell
Qaradigm

Pa
< HR

P
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ESP Vision: Domain Experts Can D&siGis

n
)
> @ @A+
> Il\ O PyTorch
b I —
o
c
=
T O .
e 0
s I Les.
<
vstenc
v P
£5 8 [or==]
= 0
jC:U 8 & SystemVerilog‘
———
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B s H
} his 4 ml EE,:I‘BE

HLS
Design
Flows

PN
Rl

RTL
Design
Flows

TN
~

el accelerator

Pa
eIl accelerator

'NVDLA.org |

Pa
e accelerator

—

\

SoC Integration

** By lewing@isc.tamu.edu.arry Ewing and The GIMP

* By Nvidia Corporation
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ESP Methodology In Practice E—

Accelerator Flow

=
||

T
'a} ; Generate sockets

= Configure RIS&/ SoC
Compile baremetal
Simulate system

Implement for FGPA

Configure runtime

¥ ==l
:
:

HLS
Design
Hows

4

his
[
EEl
[ =

Generate accelerator

i

Specialize accelerator

* this step Is automated
* for ML applications

Test behavior
Generate RTL
Test RTL

Optimize RTL

Compile Linux

Deploy prototype 5

&2 COLUMBIA UNTVERSITY
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ESP Design Examphm Accelerator folWVAMI

A The PERFECT WAMip is an image processing pipeline in behavioral C

code

ACNRY |

aSljdz2Sy oS
pixels s

A Complex datajependnc among kernels
A Computational intensive matrix operations

A Globatmemory access to compute ratib%
A Floatingpoint operation to compute ratid 5%

AWeRSaA3IYySR MH
Implementation

A Methodology to port C into synthesizalfiystemC

2F FTNIYSa

Al

1117

feedback

Gradient

Steep-Descent

SDupdate

Hessian

Matrix-Invert

Matrix-Mult

feedback

Reshape
Matrix-Add

2F ay

feedback

Lucaskanade

ChangeDetectio
feedback

I OOS Tt SNI 2 NBD A4 ENIINB/HAS

A Automatic generation of customized RTL memory subsystems for each accelerator

[P.Mantovani, G. DiGuglielmq and L. P. Carloni, Higkevel Synthesis
of Accelerators in Embedded Scalable Platforms, ASPDAC 2016]

©SLD Groug Columbia University

Lines of Code

Kernels C SystemC RTL
Debayer 19t 664 844C
Grayscale 21 36€ 407¢
Warp. . ~88 571 6601
OrSes |- 54c 12169 |

Subtract 36 37S  468<
Steep-Descent 34 41C 8744
SDUpdate 55 383 7864
Hessian 43 35& 704z
Matrix-Invert 16€ 386 739z
Matrix-Mult 55 307 270¢
Reshape 42 26¢  216C
Matrix-Add 36 287 231
ChangeDetect.  12€ 93C 1841¢

Total 964 586% 9260:
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Examplef Accelerator Design with HICx®bayer 1

1 #include <systemc.h>

@ 5C_MODULE (Debayer)

3 so_in<bool> clk, rst;

4 private:

5 nial tbual valicl oowalid, o ready;
6 ;

int B1[2048];
9 public:
1 P

1 EC_CTOR (debayer)

a 5-\:_;_:_1""-|'~3'-'.!¢|:l :" nput, clk.posi));

] resct_signal_is{rst, false);

14 EC_CTHERE ."LI"'"' wmpubte, clk.pas()h;

5 _eseh_s gral isirat, false);

i 5C_CTHREAD {cutput, clk.po={l};

" reset_signal is{rst, false);

I& Fle o

19 ]
w | veid lnput (wedid) ( |
11 £ raset
i unsigned circ = 0; ./ circwiar buffer write pointer
FL] walt ()

14 while (Erue)
15 Li: for (imk r-=0; r<2048; rii)
4 S DMA reguest
] A4 read input ...
% L1l: For (int c=0; c<2048; c++]

14 | Bljedee]l[e] = E4..L); Ffwrite Lo AQ
i S ourput L.

el if (r ==5){

4 F¢ wait for ready from compute then neotify as
13 i

14 Circ+d;

35 if (cire B}

el cire 0;

49

% }

1 I

©SLD Groug Columbia University

valid

I?nid compute (void) {I
Int PAD 2; boel tlag true;
int r_r = 0; J/ central row of the mask

FF resat

walt (};
while (true] |
L2: for (int r=0; r<204&-PAD; T++)
A4 (wait for wvalid from input then notify as

F_r o= aire_bulfer rowi{r + 2];
L3: fer (int j=PAD; (<2048 -PRD; J++)
if (flag) BO[]] glal[r_
BO[r_r103]1.
else B1[§] = g{AO0([c_r] [i-2], AD[r_r][4-1

-

AO [r_r] [j+1], AD[r_r](i+2]1,
!

— L
RO[e_el 03], AD[r_x][j+l], AD[z_c] [i+2].,
|
A4 fvalid te output, ready to compute)
flag = ![flag;
I
L}
I?nid cutput (weid] | I
Int PR = o Dool Tlag = truoe;

A4 oot

wall [};
while true] |
L4: for (int r=PAD; r<2048-PAD; r++} |

S fwait for valid from compute then noti
A4 prepare DMA regueost

A4 mand
L5: fer

if (flag

data
(ink c=PAD; c<2048-PRD; cii)
hipdlel, ...}; #dread from array BO

else hiBl[z=], ...): dfread from array Bl
b

A4 fready te compule)

flag = !flag;

I

r104-21, ADTr_r][4-1]

roady)

i fy af ready)

Accelerator Tile

Private Lol Memory
Jread

PLM ports

wirite
cincular buffer

ERES

ping-pong buffer

=

out[1]=
debenyer =
[in]3.7]}

R 1]
) =

(&)

w The3 processexecute inpipeline

¢ on a 20482048 pixel image, which i
stored in DRAM, to produce the
correspondinglebayeredversion

w Thecircular bufferallows the reuse
of local data, thus minimizing the
data transfers with DRAM

w Thepingpong bufferallows the
overlapping of computation and
communication

&2 COLUMBIA UNTVERSITY
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HighLevel Synthesis DrivBgsigrSpaceexploration

Programmer View w Given aSystemGpecification,
LT HLS tools provide a rich set of
configuration knobso synthesize
a variety of RTL implementations
¢ these implementations have

different micrc-architectures and
provide different cosperformance

F T trade-offs
t . CodeTansormaton=s () Engineerscan focus on revising
3- v, Haevel Synthesimmp the highlevel specification

R ¢ to expose more parallelism, remove
e false dependencies, increase
Performance N\B é 2 dZND S é K I N\R y 3 )‘

Area / Power

P &2 COLUMBIA UNTVERSITY
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Example of Desigpace Exploration:
Accelerator for the SAR IntetKernel

Main loop inlInterpolation-1 kernel

function interp1()

{
for (...)
{ =0 N yaN
accum =0; S 7

for (...)
{
accum += sinc (input);

}

store( accum);

}
}

w Presence of expensive combinational
function (sinc() ) in the inner most loop
w!asS 2F aqf22L) {y204a¢t

optimize for power and performance

w Derivation of Pareto set highlighting Power
Performance tradeoffs

100

Pareto Set Obtained with

HighLevel Synthesis

(1GHz@1V, CMOS 32nm)

80

o))
o

Power (mW)

B
o

LINE

0

O
® Break
@ Unroll
@ Pipeline

O

(@)

@)
@)
%\ SR, 0 e,

[ 1

0

2
Execution Time (million-clock-cycles)
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FromSystemGSpecification to Alternative RTL

in_data
out_data
acc =0; \/[B
while(true) {
wait();
out data = acc +
in_data * n_coeff ;
}
K SC_CTHREARH) j
SC_MODULE(mat

~

Virtual (or Logical)
Clock

Implementations via Higbevel Synthesis

Q
Configuration Knob§
(HLS Script)

W 4

HighLevel Synthesis

Real (or Physical)
Clock
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FromSystemGSpecification to Alternative RTL

in_data
out_data
acc =0; \/[B
while(true) {
wait();
out data = acc +
in_data * n_coeff ;
}
K SC_CTHREARH) j
SC_MODULE(mat

~

Virtual (or Logical)
Clock

Implementations via Higbevel Synthesis

Q
Configuration Knob§
(HLS Script)

W 4

HighLevel Synthesis

Real (or Physical)
Clock
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FromSystem(ﬁo RTL V|&ILS TwKey Questions

acc = 0;
whils (£rue) { Configuration Knobs
wart () (HLS Script)
out_data = acc +
in_data * n_c;oeff;
}
SC_CTHREAD(beh) % ;>

SC_MODULE(mac)

Virtual (or Logical)
Clock

Real (or Physical)
Clock

w In which sense each implementation is correct
with respect to the original specification?

w How to find the best implementation?

(tit? COLUMBIA UNIVERSITY
IN THE CITY

OF NEW YORK
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FromSystem@o RTL via HLOptimality

(=]
i le (brue) | e ’JConfiguration Knobs‘ (6)) HOW tO Compare
e o (HLS Script) : "
S, various synthesized
comen ) % [y implementations?
Virtual (or Logical) High-Level Synthesis C in terms Of COSt
Clock Real (or Physical) " f
or P C Interms o
< > = performance
N
N < |
w This implementation has w This implementation runs at w Which
lower latency and lower higher (physical) clock Implementation Is
area but also runs at frequency and offers higher data better?
lower (physical) clock throughput but costs a bit more
frequency area

©SLD Groug Columbia University &2 COLUMBIA UNIVERSITY
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FromSystem(m RTL via HLSorrectness

* _c:oeff;

SC_CTHREAD(beh)

out_data

SC_MODULE(mac)

Virtual (or Logical)
Clock

N

@/

\
-
3 2
5 1 6 6
7 2 11 11
9 1 25 25
34 34
34 34

|

(HLS Script)

Configuration Knobs‘

/4

High-Level Synthesis

Real (or Physical)

Clock

=\

)

--
3 0 0

5 1 6 0 0

7 2 5 6 6

9 1 14 11 11

9 25 25

34 34

® Which notion of
equivalence to use?

¢ between the
synthesized
iImplementation and
the original
specification

¢ among many
alternative
implementations?

w How to compare
the I/O traces of
the two
Implementations?
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Retrospectlve Latendynsensﬂwd)emgn [CarlonS G | |

C o dataln, ' ! —_: fzizgl:t
C = sto Sé)m: I" modul “— stopln,
C cN o~y | el e [ daou.
C i, — -H- s j — LT
stopOut, T mllm/ﬂ gvo%’—m@‘«;i\ﬂo“hn
C bypass: Stopm_ control Tp]n
Pl L
_atencylnsensitive Design
Station Station . . . .
I | [T w Is the foundation for theflexible synthesizable RTL
representation
w anticipates the separation of computation from

communication that is proper of TLM witbystemC
¢ through the introduction of the Protocols & Shell paradigr
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The Arrival of Nanometer Technologies in Mid Nineties
Percentage of Reachable Die

%
100 -
50 - 16 clock
60 - 8 clock cycles
40 - 4 clock cycles
20 - 2 clock cycles
0 - . . . . . o1 clock cycle
250 180 130 100 80 60 nNM
WAC2NY I yeNXSGISNI LIN2POS&aa | aArAdaylf Oy NBIDMEzZKEY fWah
w CauseCombination of higher clock frequencies and slower wires
=
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