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cgercae T ol 2 Near-Sensor Processing |
INPUT COMPUTATIONAL OUTPUT COMPRESSION
DEMAND BANDWIDTH FACTOR
. Image BANDWIDTH
Tracking: 80 Kbps 1.34 GOPS 0.16 Kbps
['Lagroce2014]
= \Voice/Sound
Speech: 256 Kbps 100 MOPS 0.02 Kbps 12800x
[*VoiceControl]
= |pertial
Kalman: 2.4 Kbps 7.7 MOPS 0.02 Kbps
[*Nilsson2014]
= Bjometrics
SVM: 16 Kbps 150 MOPS 0.08 Kbps
[*Benatti2014]

» Extremely compact output (single index, alarm, signature)

» Computational power of ULP pControllers is not enough
» Parallel worloads
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pJ/op is traditionally the target of ASIC + puControllers

» Scalable: to many-core + heterogeneity
» Best-in-class LP silicon technology
» Programmable: OpenMP, OpenCL, OpenVX

m) Open: Software & HW
8
ﬁ%‘g

|
i~

COMPILER INFRASTRUCTURE

D Opencores D

Processor & Compiler Virtualization Programming
Hardware IPs Infrastructure Layer Model

From ULP computing to parallel + heterogeneous ULP computing
1mW-10mW active power
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Near-Threshold Multiprocessing
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132nm CMOS, 25°C

® Total Energy

¢ Leakage Energy

Energy/Cycle (nJ)
o
B

A Dynamic Energy

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 1.2
0.55 0.55 0.55 0.55 0.6 0.7 0.8 0.9 1 1.1 1.2

Logic Vcc / Memory Vcc (V)
[VivekDeDATE2013]

Near-Threshold Computing (NTC):

1. Don’t waste energy pushing devices in strong inversion
2. Recover performance with parallel execution

3. Aggressively manage idle power (switching, leakage)
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. . never efficient
~*‘in-order, 1-issue

300F | 7@ "in-order, 2-issue
—*"in-order, 4-issue
250 |+ out-of-order, 1-issue

—8— out-of-order, 2-issue

—* out-of-order, 4-issue

Energy (pJ per instruction)

200 : 7
1501 | -
100f I
50 | : ' — — .
0 500 | 1000 . 1500 | 2000 [AzizilSCA10]
Performance (MIPS)! i
Optimal <€ ' <> .
Architecture: 1-issue | 2issue | 4- 1 2-issue | 4d-issue
' in-order ! in-order | in ! ooo | 000

= Single issue in-order is most energy efficient
= Put more than one + shared memory to fill cluster area
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SIMD + MIMD + sequential

Private per-core instruction cache

i |$ : |$ 1 i
4_Stage’ In_order T 0. H N 11
OpenRISC core PE, | ... PE,, || 2 ..16 Cores
DEMUX ——”"#---_:::::::I::==---==:::::: ____ .i-\. ~~~~~~
P e it S e
Periph LOW LATENCY INTERCONNECT - DMA [ Double buffering
+ExtM
e, 1Tcom M8y, | [ TIONY Coupled DA

1 Cycle Shared Multi-Banked L1 Data Memory
+ Low Latency Interconnect

“GPU like” shared memory - low overhead data sharing

Near Threshold but parallel = Maximum Energy efficiency when Active

+ strong power management for (partial) idleness
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= 4-stage OpenRISC
= [PC~1

= DSP extensions:
Hardware loops
Eliminates branching overhead
LD/ST + post-increment
Enhanced vector indexing
Small vector support (SIMD)
2x 16-bit operations
4x 8-bit operations
Unaligned memory accesses
To better exploit SIMD

UP TO 5x performance improvement
and 3x reduction of energy!!!

OR10N: Extended OpenRISC Core

ALMA MATER STUDIORUM
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PERFORMANCE IMPROVMENT vs BASELINE

i AES
400% @ SHA
3509 2D CONV.

M FFT

M FIR
250% i MAT. MUL. 32
200% M MAT. MUL. 16
H MAT. MUL. 8

450%

300%

150%
100%
50%

0%
+HW LOOP + LD/ST + SIMD + UNALIGNED ACCESSES

D ENERGY REDUCTION vs BASELINE

e M AES B SHA

70% 2D CONV. M FFT
M FIR i MAT.

60% @ MAT. MUL. 16

50%
40%
30%
20%
10%

0%
+SIMD + UNALIGNED ACCESSES

+HW LOOP + LD/ST
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Silicon Implementation
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Low VDDMIN

Low cost

A
XXX AR

Rkt
R R

High ION/IOFF
@ LowVDD

LR RN Y Y

L)

i Rnanan
L)

Knobs for
variability
management

)

Knobs for power
management

UTBB FD-SOI provides good features for ULP design:

» Good behavior at low voltage
» Body bias for power and variability management

12
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VBN NMOS P%AOS Vﬁp ( \

RVT transistor .
conventional-well)  [LISTRSMAA | (™1™ | oopyeias

Vdd/2 + 300 mV

LVT transistor " s e R noss  wav| WINDOWS
ip-wel) AR | -l
\_ -300mVv Y,
10000
“000 | RVT: Regular Voltage Threshold
LVT: Low Voltage Threshold
100

-
(=]

FBB: Forward Body Bias
RBB: Reverse Body Bias

o
-

Leakage (nA)

Poly biasing allow to trade
performance/leakage
o 100 200 300 400 500 600 700 At design time
Frequency (MHz)

=
o
-

RVT transistors: low leakage + flexible power management (FBB + RBB)
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FBB vs. FREQUENCY

RBB vs. LEAKAGE
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FREQUENCY BOOST [%]
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—VDD=0.8V
—VDD=0.9V
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0%

10%

+ 2.5x
@0.5V
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LEAKAGE POWER REDUCTION [%]
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—VDD=0.5V
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o o2 04 06 08 1 1,2 1,4 16 1,8

RVT transistors

FORWARD BODY BIAS [V] REVERSE BODY BIAS [V]

» State retentive (no state retentive registers and memories)

» Ultra-fast transitions (tens of ns depending on n-well area to bias)

» Low area overhead for isolation (3um spacing for deep n-well isolation)

» Thin grids for voltage distribution (small transient current for wells polarization)
» Simple circuits for on-chip VBB generation (e.g. charge pump)

But even with aggressive RBB leakage is not zero!
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latch-based SCM

“Standard” 6T SRAMS:
High VDDMIN
Bottleneck for energy efficiency

Near-Threshold SRAMs (8T)
Lower VDDMIN
Area/timing overhead (25%-50%)
High active energy
Low technology portability

Standard Cell Memoiries:
Lower read/write energy (2x - 4X)
Easy technology portability

Controlled P&R mitigates area
overhead

Read Energy (32 bit) [pJ]

256x32 6T SRAMS vs. SCM

-8-5CM

-8-DOUT SAMPLED SCM
=><LOW VOLT. SRAM
=>LOW LEAK. SRAM

=»~HIGH PERF. SRAM

03 04 05 06 07 08 09 1
Voltage [V]

S

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

2x-4x

16
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EXT TCDM  TCDM TCODM  TCDM L b
INTERCONNECT DMA BANK BANK === BANK BANK ® % = —
#0 #1 #6 #7 N i E !
REGION = % % ~ _lInN~—ll~—ll~—
a E| |[core ||| [core ||| [core]|| [ core
CLUSTER INTERCONNECT REGION — 0 1 2 3
T —— | coreo || core1 || core 2 || cores
0 3 TCDM INTERCONNECT REGION || REGION || REGION || REGION
e 0 LED AAD LI A
z 9 CORE O CORE 1 CORE 2 CORE 3 z = gnds_rbb
ﬁ REGION REGION REGION REGION e — , vdds_rbb
= } : dds_fbb
v i | vdds_|
< EI CORE |~ | CORE |~ | CORE |_ CORE | ’ ’ gnds_fbb
5 o 0 1 2 3 | G_
T [ | | CLUSTER INTERCONNECT REGION |-
o e =
T
o o

= The cluster is partitioned in separate clock gating and body bias regions
= Body bias multiplexers (BBMUXes) control the well voltages of each region
= Each region can be active (FBB) or idle (deep RBB - low leakage!)

State-Retentive + Low Leakage + Fast transitions
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Hardware Synchronization BKMOMATER STUBLORM
Core shut-down sequence: > L[ 71 [ 7] |
1) Disable fetching \ 5 5
| - -
2) Wait out_standlng I# I 1_#
transactions N : : : :
2) Clock gating $imcH

3) Reverse Body Biasing

BARRIER COST

B POLLING

15x

Private, per core port 160
->single cycle latency
->no contention

B SLAVE SLEEP
HW SYNCHRONIZER

# CYCLES

# OF CORES

GOALS:
- Reduce parallelization overhead
- Accelerate common OpenMP and OpenCL patterns (e.g. Task creation)
- Automatically manage shut down of idle cores

19
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S A Power Management: f
External Events K ATER STYBIS RV
Programming sequence: > T 7] [ 7] |
1) Set events mask 3 ! — ,_|_2\ 3
2) Program transfer j L—L—l_\ I L—l—l_\
3) Trigger transfer HW ; : : :
4) Shut down cores SYNCH

AAAAAAAA

48 maskable events /Et\,/:::\ PERIPHERAL INTERCONNECT
- General purpose I
—->DMA T P
—>Timers . MEM |
->Peripherals (SPI, 12C. @ 5Pl
GPIO..) =~ rereressn]

GOALS:

- Automatically manage shut down of cores during data transfers

20
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wniesesy Heterogeneous Memory Architecture = -
+ Management BRI MATER STHBIBRRM
Shared 1$ to recover SCMs area overhead
Private LO buffers to reduce pressure on shared |1$

.158,;  SHAREDIS | 1$B,
PE, | ..... PE,_,
'# ’# MMU (logical/physical add map):
MMU |« MMU |«| 1) Interleaved/private addresses
| | 2) Shutdown of SRAM banks
interleavedI i SCM, sc|v|,v|1
4_ """"""" 4_ | Reconfigurable Pipeline Stages
_____ E L1 TCDM E for SRAMs degradation@low VDD
private I . SRAM, SRAM,, ;

SCM on I$ and part of TCDM
to widen the operating range
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The PULP “Family”
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10
LO

CHIP FEATURES

4x1kbyte (private)
CLUSTER

INTERCONNECT
BBM UXes

po p1 1l VDD range -1.
|$ |$ | 9
Perf. Range 1 MOPS-1.9GOPS

16 kbyte

Peak Efficiency | 60 GOPS/W@0.5V

Tester Chip *Does not include I0s

23
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Efficiency vs VDD chip01 BOLOGRA
T T T T T T 600
a : max. Frequency
MOPs/mW o: 550
500
1.8GOPS

- 400

350

300

250

Max. Frequency [MHz]

200

150
. Low leakage

Efficiency (parMatrixMul2) [MOPs/mW]

i : § 78mW
5 : Emw H .
0 | N B 082 0 62 B 0.7% 0.9% -

0.4 0.5 0.6 0.7 0.8 0.9 1.0 . .12 .
VDD [V] (+50mV SoC, +100mV Mem) Wide operating range

Peak GOPS/W competitive with best-in-class near-threshold
(16bit) ULP microcontrollers, plus more than x100 peak GOPS!
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SoC

L2

MEMORY

<2227 JTAG

gty

SPI
MASTER

ROM

e —_ISRES

r---—] CVP

[ 1

STDOUT
(pummy)

CLUSTER
INTERCONNECT

PULPv2

ALMA MATER STUDIC
UNIVERSITA DI BOLO

JRUM
G

SLICE

SLICE
ID R.

NA
- BUS 64-bit 32-bit
CLUSTER
TCOM TCOM TCOM
BANK BANK L] BANK
DC FIFO DMA #0 #l #M-1
'y l_.
3 >
DC FIFO a - TCDM INTERCONNECT
IDR. s :
= <
g - '—I
28| N 7 ~__
€2
z9
9 = = Open Open Open
=2 |EG RisC |B] | rRisc |&] sus | RISC |2
ZEl 12 i #1 #N-1
95
DCFIFO |«

= PULPv1 + 2 DVFS regions (SoC + CLUSTER) + Event Unit + Peripherals

25
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CLUSTER ‘ .
: INTERCONNECT - BUS BBl s 3200

Top
SoC ROM
CLUSTER
o | L2
DMA MEM
et i DMA
Bl C FIFO
ST s
- [
< § E TCDM INTERCONNECT
AXI DC FIFO [
e o =
15 *"-- e T0 IDR. &
2 --->| uart o APB EI
-t Q w
g - CumEly 8 |
- g b |
== o
e . . Il
sl -
— EVENTUNIT | & Z
TIMER UNIT |ttt %g Open Open
SR e (AEE| | comoumonn || i | ..o | e
- PWR CTRL CLK CTRL ICACHECTRL |« ACCELERATOR #3
DU | DU |
e e e e e e e e e e e e e e R e o -l mac || ADV
TAP DEBUGIF [ |
JTAG I— s o | v \ 4
___________ »| TAP __E | DC FIFO I( | SHARED IS I

= PULPv2 + Extended cores + HW Synch + Shared Cache + HWCE + Shared |Os

26
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PULPv1 PULPv2 PULPv3 SOl BOLOGNA
# of cores 4 4 4
L2 memory 16 kB 64 kB 128 kB
TCOM 16kB SRAM 32kB SRAM 32kB SRAM
8kB SCM 16kB SCM
Reconf. pipe. stages no yes .
IS 4kB SRAM private 4kB SCM private
Body bias regions yes yes yes
DVFES no yes yes
I/0 connectivity JTAG full '
Extended processor no no Yes
Event unit no yes yes+ HW synchro
Debug unit no no yes
PULPv1 PULPv2 PULPv3
Status silicon proven post tape out pre tape out
Technology FD-SOI 28nm FD-SOI 28nm flip- FD-SOI 28nm
conventional-well well conventional-well
Voltage range 0.45V-1.2V 0.3vV-1.2V 0.5V-0.7V
BB range -1.8V-0.9V 0.0vV-1.8V -1.8V-0.9v
Max freq. 475 MHz 1 GHz 200 MHz

Max perf. 1.9 GOPS 4 GOPS 1.8 GOPS
Peak en. eff. 60 GOPS/W 135 GOPS/W 385 GOPS/W
*equivalent 32-bit RISC operations
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Breaking the GOPS/mW wall
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General-purpose
Computing

CPU

GOPS/W

Throughput
Computing

GPGPU

6
.... oo [

<

SW Mixed HW
1GOPS/mW

ULP paraliel
Computing

Accelerator Gap

HW IP

Closing The Accelerator Efficiency Gap with Agile Customization

2

9
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Fixed function accelerators have limited reuse... how to limit proliferation?

Shared
Tightly-Coupled
Data Memory
(TCDM)

Timers

HWS

Memory Bank #2

EXT2MEM

=1 | Memory Bank #0
I=1 | Memory Bank #1
— | Memory Bank #3
=1 | Memory Bank #30
=1 | Memory Bank #31

[ 1

EXT2PER

Logarithmic Interconnect

ENC2EXT

()

O

©

=

Q

<

3 I
c

S DMA
O = Channel
Q #0
c

— [l

©

o DMA
O I Channel
Q) #1
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= Brain-inspired (deep convolutional networks) systems
are high performers in many tasks over many domains

= Human:
85% (untrained),
94.9% (trained)

>y

~
)"y

N -'K
T

mp CNN:
]_1 jaguar 93.4% accuracy

cheetah

snow leopard
Egyptian cat

legpard

Image recognition Speech recognition
[RussakovskyIMAGENET2014] [HannunARXIV2014]

Flexible acceleration: learned CNN weights are “the program”
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Average performance and energy efficiency on a 32x16 CNN frame

PERFORMANCE ENERGY EFFICIENCY
8 GOPS 6500 GOPS/W
10000 10000
1000 61X 1000 47x

=
&

100 v 100
)
=

10 10

1 1

HWCE sSW HWCE

PULPv3 ARCHITECTURE, CORNER: tt28, 25° C, VDD= 0.5V, FBB = 0.5V

32
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hanks for your attention!!!

mm  Kys

ECOLE POLYTECHNIQUE -
FEDERALE DE LAUSANNE life.augmented
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Data of the Internet of Things

The digital universe
of tomorrow

'I 027

In2016 1.3 ZB will
cross our digital networks daily

102!
How much energy to process (1 op. per Byte) one BB?

The CERN LHC L. .
generates 1 PB per second -| 024 The digital universe today:

250 trillion DVD's
‘I O 15

GigaByte -I O 18

10°
] 012
'| 06 At the moment, every day 1 EB of data is created on the internet.
TeraByte - every day 500 TB That is the equivalent of 250 million DVD's
MegaByte of data'is added on Facebook The Square Kilomter Array Telescope will produce around 1 EB per day.

& - Big Data Startups
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Workload [MOPS]

Target Workload | 1-Core Energy Efficiency | 4-Cores Energy Efficiency | Ratio
[MOPS] (ideal) [MOPS/mW] (ideal) [MOPS/mW]

100 43 55
200 33 50
400 18 43

*Measured on our first prototype
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Power SINGLE-CORE @ MAX FREQUENCY (e.g. 200MHz)

Low Workload
(duty cycled)

core power

system power I

active period
MULTI-CORE @ MAX FREQUENCY (e.g. 200 MHz)

Power Ideally same energy of single-core solution

core power
P Deep sleep Low Workload

I A - (duty cycled)
system power

) »

active period

Going faster allows to integrate system power over a smaller period

The main constraint here is the power envelope




| |
mhen:hnischeHo:hs:hulezijtich BaCk to SRAMS
/ VOLTAGE LIMIT OF SRAMS ALMA MAIJI,?R ;"I'UI) )l({;UM

Swiss Federal Institute of Technology Zurich
g I
ERSITA DI BOLOGNA

5
4
v
L
o 3
E
s 2
O
>
© 4 :
-2-SCM
0 -+ LOW VOLTAGE SRAM
0,5 0,6 0,7 0,8 0,9 1
Voltage [V]

SRAM performance rapidly degrades at low voltage

SRAM VDDMIN is higher than logic (and SCM)




