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Modern Embedded Systems

Embedded Systems (real-time computing
systems with a dedicated functionality) are
pervasive (98% of computers are
embedded) and may present sensing and
actuating capabilities.




Modern Embedded Systems

Embedded Systems (real-time computing
systems with a dedicated functionality) are
pervasive (98% of computers are
embedded) and may present sensing and
actuating capabilities.
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Multimedia Domain

o HIGH PERFORMANCES
$&~, real time, portability, long battery life

UP-TO-DATE SOLUTIONS
last audio/video codecs, file formats...

MORE INTEGRATED FEATURES
MP3, Camera, Video, GPS...

MARKET DEMAND
convenient form factor, affordable price, fashion




Target & Technological Challenges

* DATAFLOW MODEL OF COMPUTATION

— Modularity and parallelism — EASIER INTEGRATION AND
FAVOURED RE-USABILITY

e COARSE-GRAINED RECONFIGURABILITY
— Flexibility and resource sharing — MULTI-APPLICATION
PORTABLE DEVICES

The RPCT project (2012-2015) has been funded by Sardinian Regional Government
(L.R.7/2007, CRP-18324).
http://sites.unica.it/rpct/
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Target & Technological Challenges

* DATAFLOW MODEL OF COMPUTATION

— Modularity and parallelism — EASIER INTEGRATION AND
FAVOURED RE-USABILITY

 COARSE-GRAINED RECONFIGURABILITY
— Flexibility and resource sharing > MULTI-APPLICATION
PORTABLE DEVICES

Reconfigurable Platform Composer Tool Project

Automated DESIGN FLOW are fundamental to guarantee SHORTER
TIME-TO-MARKET. Dealing with APPLICATION SPECIFIC
MULTI-CONTEXT systemes, in particular for KERNEL ACCELERATORS,
state of the art still lacks in providing a broadly accepted solution.
The RPCT project (2012-2015) has been funded by Sardinian Regional Government

(L.R.7/2007, CRP-18324).
http://sites.unica.it/rpct/
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Reasons for Coarser-Grain

Flexibility _—s Performance

GP

- RECONF

* Coarse Grained (CG):

Fine Grained Coarse Grained — both in ASIC and FPGA
bit-level word-level — 1 clock cycle switching, with
Flexibility © S dedicated switching blocks.
Speed © © * Fine Grained (FG):
Memory ® © — FPGA only

— switching requires a new bit-
stream
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MPEG-RVC Framework Integration:
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2010 2011 2012 2013 2014 2015 2016

Baseline tool specification: [j@ lﬂ)ﬂl

MPEG-RVC Framework Integration: @E\/lﬂ)ﬂl %
Orcc + MDC + Xronos + Turnus INSA L

EEEEEE

Multi-Dataflow Composer (MDC) tool

‘JJJL Low- Power Extension

@AV!A MDC:

JJJL Co-processor Generator
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Reconfigurable Image/Video Coding: JPEG e @lﬂ)ﬂl

A%
Neural Signal Decoding @

H.264

4" § Adaptive Filtering:
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@» | Cryptograph

== icSystems



The origins of our dataflow to hardware studies: the RPCT Project
— Context

— Target Technologies
— Project Development

The MDC tool

— Approach
— Baseline Functionality and Extensions

Contexts of application
— Neural Signal Decoding
— HEVC Interpolation Filters

Final Remarks



Design Suite & Targeted Challenges EI
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Functional Complexity
Time to Market:
Design & Mapping
Automation

Structural Profiler

Dynamic Power
Manager
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------------------------------------------------------------------------------------------

MDC design suite

http://sites.unica.it/rpct/
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Functional Complexity
Time to Market:
Design & Mapping
Automation
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Design Suite & Targeted Challenges Eﬂ

Functional Complexity
Time to Market:

Design & Mapping Fast Integration

Automation and Prototyping

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
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.
*

Constraint
Driven
Optimisation

Structural Profiler

Dynamic Power

Co-Processor
Generator

‘0
.
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Power MDC design suite
Efficiency

http://sites.unica.it/rpct/
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coarse grained :
substrate :

coarse grained :
reconfigurable :
substrate :




MDC Front-End: D

Multi-Dataflow Generator

a

FSCECIV I

multi-dataflow



GRAPHS
Gi= (Vi, Ei)

Datapath Merging Problem:
Graph Model
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Datapath Merging Problem: D

Graph Model
GRAPHS LABELING
G; = (Vi, Ei) T @ Vi ->T
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G ‘ ........ .
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PROBLEM STATEMENT: find a Reconfigurable Graph G (V,E) with the minimum
costs (min[V[| and min [E])
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PROBLEM STATEMENT: find a Reconfigurable Graph G (V,E) with the minimum

costs (min[V| and min [E])
feasible solution:
VTeT, Vi={v:m(v) =T} - [VT| = max |Vi"|, Vi'={vi : mi(vi) = T}
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PROBLEM STATEMENT: find a Reconfigurable Graph G (V,E) with the minimum
costs (min[V[| and min [E])
feasible solution:
VTeT, Vi={v:n(v)=T} - [VT| = max |Vi"|, Vi'={vi : mi(vi) = T}
optimal solution:
feasible solution with min|E|




Datapath Merging Problem:

Graph Model
GRAPHS LABELING MAPPING
Gi = (Vi E)) m:Vi 2T wi(v) = u,

(veV,ueV)  elvivi)eE
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d22 . C21 /77 d2s3
PROBLEM STATEMENT: find a Reconfigurable Graph G (V,E) with the minimum
costs (m('n_[VI and min [E])
NP-complete problem: N. Moreano, et al., “Datapath merging and

interconnection sharing for reconfigurable architectures”, Symp. On
System Synthesis, 2002.



MDC Back-End:

Platform Composer

HDL components
library

- _ = hardware
communication
@ protocol

D |:

configurator |
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Integration within MPEG-RVC

library

generation

HDL components

optimisation

multi-dataflow

composition

— o o o . . . . . . .
o - o o o o o e - .
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Integration within MPEG-RVC

/f___. ________ \\
/ RVC-CAL : P \
! dataflows : : I : ! :
: i % [Iﬂ)ﬂl XRONOS h|g.h] |
: [lNSN Orcc font-end] ! TURNUS causation |, ! level synthesis :
: ¥ I : I‘pﬂl traceinalvsis I : ¥ I
| I I  HDLcomponents |
-G gl | g
I I size per IR I E |
| I [ 1
1 (I ; 1 I
: I worst case I
| : [ parsing script :
I I
: : : multi-dataflow :
[ I | optimal FIFOs size I
I (I CGR substrate I
1 multi-dataflow 1 | I
| I I
\ composition , \ optimisation , \\ generation ,’

o - o o o o o e - . o - - o o e o e e . o - - o o e o e e .
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Structural Profiler

What are the topological characteristics impacting on the CGR substrate?
1. Number of merged dataflow specifications

F+D
o+B+y

a+B|y
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Structural Profiler

What are the topological characteristics impacting on the CGR substrate?
1. Number of merged dataflow specifications

c+D) (A+E~D (F+D
Y o+B+y
tot static power

73 pW

®

a+B |y
tot static power

72 W
©
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Structural Profiler

What are the topological characteristics impacting on the CGR substrate?

2. Merging order A)
(c~D) D) D (B+D

B+
B
D g ' o+y+3

HEe] @
A

B+a+y
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Structural Profiler

What are the topological characteristics impacting on the CGR substrate?
2. Merging order A)

c+D ([D+B+D (B+D
a B %

D o+y+p
frequency
45 MHz

©

B+a+y
frequency
42 MHz
®
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Structural Profiler
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Structural Profiler
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Structural Profiler

6\ @ @ = low level
%@@ feedback not merged
N input @\m\@
dataflows _ nm =1

Sequences
Generator

[
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Structural Profiler

current design

pea e & '—» B(C) omon e

i, R
=1 di i
s cp,”
Power = Z [ ay pi= actor area/power
i=1 e CP;= input dataflow critical path
%, number of actors
involved in the DP
1 _ longest SB chain
Frequency=—=—~ " within the DP
CP max(C md PSB) -------- number of SBs
“““““ in the DP chain
CPin = maX(CPj) “““““““““““ empirical functions

[}
----------------------

.............

..................... e S of the SB size in bits b

CPs =: f (b)‘*ln(NsB) + g(b) .............



Structural Profiler

Automated Pareto Analysis

x 107 x10° x 10’

1.6 T T 3.6 T T
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sal BP2IMSS f3: from 510 6 MSs f » LB
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1.5 "f5:'frorh'0' to5MSs g §f5

3.6

1.55}

L
-
R I

B2

£

'23: from 5 to 7 MSs

- : ? — s HIH
g R L % c ’ ‘: ¥ .-
= 22 5 <
5 : : > 2 P ol
=% . . o i P
E : : % E A " ::
S Bt a = Y N
2 : i = @0 1 I
= . [&] ! : I
8 z3pt 3 8 ;
2 | z3p2 @ 3 i ’
= . @ i
& 28r - %P < 3 RN
| /e ® - 19
I| /- T e® ol
. : :
26F - E/‘ -------- I EETETERE z-‘l frathod MSS ]
! : ' :z2: from 2 to 6 MSs :

2.4 i i i i i i i
1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6 3.5 4
Area occupancy [pm?)] x 10° Frequency [kHz] , 445 Frequency [kHz] | 45

MSs = Merged dataflow Specifications (example with N=7)



Structural Profiler

Automated Pareto Analysis

FREQ. OPTIMAL

x 107 x 10° X 10
3.6 T T T T T T T 16 T T 36
z2p1: 5 MSs; 2 NMSs (chgb;cubic_conv) .' . W? MSs .
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L7 e N 13} LA
: i : 1
26 : j ..:24:from 0 to 4:MSs.-- Ay
5 'z2: from 2 to 6 MSs 1283 Qe
: ; '23: from 5 to 7 MSs z2p
2.4 i | i | i 1.2 i 2.4 N
1.2 1.25 1.3 1.35 1.4 NG 15 1.55 1.6 2.5 3 3.5 4 2.5 3 35 4
Area occupancy [me] = Frequency [kHZz] ¥ 10° Frequency [kHz] x 10°

AREA/POWER OPTIMAL

MSs = Merged dataflow Specifications (example with N=7)




Dynamic Power Management



=

Dynamic Power Management

220 arimo Eme

o execution: E and F are wasting power!
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Dynamic Power Management

D0 a0 E-e

B execution: B, C and F are wasting power!
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Dynamic Power Management

B

DR ORGET

y execution: A, B, C, E, SBO and SB1 are wasting power!
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Dynamic Power Management

Y

)

>

@) (o)

WG
«T@
B
©

LR 1 2 3 4 5

actors| A |BC| D E F

Q
o
o
Logic Regions (LRs)
Identification




Dynamic Power Management

configurator

Gua

H pua
{cua

rd'C)
Tua

en generator

a

LR | actors




Co-Processor Generator

HARDWARE ACCELERATOR/CO-PROCESSOR

/ \_
A LOCAL
MEMORY
2 N 4
HOST S
PROCESSOR -
7
% CONFIG
REGS
(manually
v assembled)




Co-Processor Generator
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HARDWARE ACCELERATOR/CO-PROCESSOR

% \_
A LOCAL 4
MEMORY 0.2
40/4,
21 [ 4 e
HOST s,
PROCESSOR -
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7 CONFIG
REGS CGR substrate
(manually (automatically generated)
assembled)
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Co-Processor Generator

—

HARDWARE ACCELERATOR/CO-PROCESSOR

% \_
A LOCAL
MEMORY \ sroi"tq
W,
G
21 |\ 4
HOST s,
PROCESSOR -
(%))
7 CONFIG
REGS CGR substrate
(manually (automatically generated)
assembled)
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Co-Processor Generator
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CGR substrate
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Co-Processor Generator

)

SYSTEM BUS

.

—

HARDWARE ACCELERATOR/CO-PROCESSOR

%

LOCAL
MEMORY

N

o

-

CONFIG

REGS

(manually
assembled)

AT

HUGE
EFFORT!!!

CGR substrate
(automatically generated)




Co-Processor Generator
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Co-Processor Generator

—

SsB| 0O | 1 | 2 G 9@
1o (B (F)

0

1

v X X I

#of I/0
/0 size
I/0 pattern
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Co-Processor Generator

P (VP OO
110

0

1

vxx*
co-processor # of I_/O
architectural | yhd I/0 size
template I/0 pattern
software \
drivers .C




Co-Processor Generator

co-processor software

architectural template drivers CGR substrate

Co-Processor Deployment

!

Xilinx wrapper

template

CGR




Co-Processor Generator

co-processor software

architectural template drivers CGR substrate E)
\ * mm-sys: memory-—<
- r mapped (loosely =0
= coupled)
Co Processor Deployme * s-sys: stream-
— based (tightly ﬂ
l, ~_coupled )

Xilinx wrapper

template

communication uBlaze

CGR




User Interface

Mame: coprocessor_1911

@ Compilation settings @ Compilation options] @ Mappir‘lg] S| Commorﬂ
| —

Backend:
Select a backend: [MDC V]
Output felder: DM LINISSS M DC 2.0 @ UMNISS UMD Browse...

Options:
List of Metworks to be Compiled and Merged

Number of Netwerks: Input Dataflow Specifications

XDF List of Files: test.Addition, test.Multiplication, test.Subtraction | Add...

Merging Algarithm

EMPIRIC -

Generate RVC-CAL multi- dataflow
CAL type

STATIC -
Generate HDL multi-dataflow

Preferred HDL protocol \
RWC -

Sy = Cstom Hadware Commnication Potoce Specify the Extension to be

Compute Logic Regions
[ Import Buffer Size File List used (if an )
[ Import Clock Demain File List y L

Generate Coprocessor Template Interface Layer (beta)

Type of Template Interface Layer

MEMORY-MAPPED -

k Enable Profiling j
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1. Different applications with common
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from the same application field or
small actor granularities.
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Contexts of application

What kinds of applications can be combined with MDC?

1.

Different applications with common
computational operations: it is
achieved by considering applications
from the same application field or
small actor granularities.

EXAMPLE: Neural Signal Decoding

2.

Different working points of the same
applications obtained through
several  strategies (e.g.  actor
parallelization, actor variants,
granularity modification,
approximate computing, ...)

BO

Bl |

EXAMPLE: HEVC interpolation filters



Neural Signal Decoding
Resource Optimization

Implantable Devices: strict area & power
requirements




Neural Signal Decoding
Resource Optimization

Implantable Devices: strict area & power

requirements
Neural Signal Decoding:
* Fast Y

* Low Area D. Pani, et al., «Real-time processing of tflife neural signals on
embedded dsp platforms: A case study» Neural Engineering,
2011.

* Low Power



Neural Signal Decoding
Resource Optimization

Implantable Devices: strict area & power
requirements

Neural Signal Decoding: ( Spike
detection
e Fast ),

* Low Area D. Pani, et al., «Real-time processing of tflife neural signals on
embedded dsp platforms: A case study» Neural Engineering,
2011.

* Low Power

L wr INPUT MEMORY
. COPROC E 1 in2
MDC can be used to build the : > oL
. o s I =
accelerators  compliant to "F','LBbu;_E’ KERNEL
. ‘z— outt out2
those constraints. T—[—[‘ e e e e e s

UARTLITE
SDRAM Controller ———-rx




Neural Signal Decoding
Resource Optimization

# actors #sbox

12 networks (dec_filter,
Thr, rec_filter, NEO,
idx_max_abs, Avg,

sqr_sum, weight_mul,
dot_prod, idx_max,

sync_avg, sync_wavg)

46 0

MDC network 14 86
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Neural Signal Decoding
Resource Optimization

# actors #sbox

12 networks (dec_filter,
Thr, rec_filter, NEO,
idx_max_abs, Avg,

sqr_sum, weight_mul,
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Neural Signal Decoding
Resource Optimization

12 networks (dec_filter, 800000
Thr, rec_filter, NEO, 600000 ya " 100 /
idx_max_abs, Avg,
sqr_sum, weight_mul,
dot_prod, idx_max, 200000 -
sync_avg, sync_wavg) 0 4/_

46 0 400000 /

# actors #sbox
“6%% 150 a
/

9]
o

Power [mW/]

~

L o [ TSNS

Area[um?]

MDC network 14 86

 MDC Global Kernel M Static Global Kernel i Cascaded WD




HEVC Interpolation Filters
Multiple Working Points

Approximate Computing: trading a controlled quality degradation (#
taps) for an increased energy efficiency

Software Implementation: Erwan Raffin, et al., “Low power HEVC
software decoder for mobile devices”, JRTIP 12(2): 495-507 (2016)



HEVC Interpolation Filters

Multiple Working Points

ID

Approximate Computing: trading a controlled quality degradation (#

taps) for an increased energy efficiency

Software Implementation: Erwan Raffin, et al., “Low power HEVC
software decoder for mobile devices”, JRTIP 12(2): 495-507 (2016)

MB: Macro Block
FB: Filtered Block

A2

MB

pixels

1-D Reconfigurable Interpolation Filter

configuration Iogic

PE
PE

STAGE 0

PE
PE

STAGE 1

[

Switching Element

FB
pixels

shift c||p

v

—

PE PE




HEVC Interpolation Filters
Multiple Working Points

design @200 MHz dP (Vivado) dE time per block # interpolated
Xilinx XC72020 m [mW] [ [cycles] pixels in a fixed time
legacy_luma 212 37 4 16 213 0.248 460 57957
8 12 (+9%) 0.270 (+9%) 460 (+0%) 57957 (+0%)
reconf luma 582 85 4 16 200 7 11 (+0%) 0.245 (-1%) 395 (-14%) 59033 (+2%)
\BIC-LORON  (+175%)  (+130%)  (+0%)  (+0%) (-6%) 5 10 (-9%) 0.217 (-12%) 265 (-42%) 61191 (+6%)
3 10 (-9%) 0.211 (-15%) 135 (-71%) 63357 (+9%)
legacy_chroma 163 33 2 8 217 4 9 0.053 107 14753
4 9 (+0%) 0.053 (+0%) 107 (+0%) 14753 (+0%)
reconf_chroma 383 65 2 8 200
(vs legacy %) PENEERET (+0%) (+0%) (-12%) 3 8 (-11%) 0.045 (-13%) 73 (-32%) 15293 (+4%)
2 6 (-33%) 0.033 (-37%) 39 (-64%) 15835 (+7%)
0.950 o ~ 0.240 L
B 0.900 = 1% = 0220 -
.§ 0.850 § 0200 ¢
2 0.800 2 a 8%
§ \\;11% o 0.180 -
0.750 2 e \
3 O s A N % 19% ™ 0160 | ——leey chrome@193MHz
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