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Logic Synthesis in the Twilight of Moore’s Law
Near-threshold, Heterogeneous, 3D Design Looking for a New Toolbox

Luca Benini
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SR PRATER STRBIGRRM
Sense Analyze and Classify Transmit

MEMS IMU

Short range, BW
uController I
OBluetoott
L2 Memory

Low rate (periodic) data

MEMS Microphone
e

ULP Imager

PR
« W

SW update, commands

Long range, low BW

p— LoRa _..7ec.,
100 kW + 2 mW Battery + Harvesting powered Idle: ~1uW
- a few mW power envelope Active: ~50mW
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Whale
Human
Elephant#.
_ % 10120ps/J
= A1 /
3 1010t Y - l
Q. 7/
2 IBM Roadrunner ’/
= 20087 1pJ/op
c /
g IBM PS/2E ’/‘I;(I)EOCZ Earth Simulator l
O 5 1993,
£ 10°t BMPC 1 1GOPS/mW
o 1981 /
-§ Y ‘Cray I CMOS
= DECPDP-1120g #/° 1976
= 1971 //‘IBM S/360 Moore’s law has slowed
8 0| Honeywell 1800 g 1964 to roughly 2 V2 years or
107 19639 1061 roughly 30 months (25%
- R, increase in the time
How to do that’® “/ENIAC Bipolar between semiconductor
’/ = process nodes)
10°8 Electromechanical ~ Vacuum tube _ ]
10 10° 10° 10'0 10"°
[RuchIBM11] Computing density [ops/(s-L)]
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Source: Vivek De, INTEL — Date 2013

0.9 ; s
132nm CMOS, 25°C
o 8 IIIII (AR R AR I RIRIRRRAERARIRINIRRRAERRROIRIRINRIAERPRRIRIRIRRRRIRIRIRIRINRARRDRYNI]]
) 0. 7
(‘ 0. 6
c 0. 5 4.7X
0.4 1 .
: @ Total Energy
e 0.3 ¢Leakage Energy
EO.Z ADynamic Energy
0.1 1 <
0.0 e e T Tt
0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
0.55 0.55 0.55 0.55 0.6 0.7 0.8 0.9 1 1.1 1.2

LogicVcc / Memory Vcc (V)
Near-Threshold Computing (NTC):

1. Don’t waste energy pushing devices in strong inversion

2. Recover performance with parallel execution
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PULP - Parallel Ultra Low Power
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Open Source Hardware & Software

Shared L1 I$ with Multi-instruction load

Private Loop/Prefetch Buffer

4-stage, in-order ORISC

2 ..16 Cores

Micro-MMU (demux)

o] T TTom

Tightly Coupled DMA

Shared L1 DataMem + Atomic Variables

NT but parallel > Max. Energy efficiency when Active + strong PM for (partial) idleness
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JTAG
TAP

1.3 mm

. Bems

Technology

Data format

# of cores

1$/D$/L2

Voltage range
(SRAMSs)

Max frequency

Best power
density

Best
performance

Peak energy
efficiency (MAX)

PULP Chips

ZUMA

2] 3] [4] 5] ThisWork Ol 28nm
yell
CMOS 32nm CMOS 28nm FD-SOI 28nm FD-SOI 28nm FD-SOI 28nm
LP flip-well conventional-well flip-well nm
2x 32-bit Ax 32-bit 30-bit 30-bit bit M2
superscalar VLIW H 15V
1 1 1 4 4 15V)
8K/8Kina. | 16KI32KI256K |  AKMKina. | 1Kxd/16K/16K | 1Kxdiskieak |72V
028V -1.0V 0.6V -1.05V 04V -1.3V 044v-12v | 032v-115v |(TCDM)
0.5V -1.0) (0.54V - 1.2V) | (0.45V -1.15V)
915 MHz 1.2 GHz 2.6 GHz 475 MHz 825 MHz TCDM)
it (I9)
170 pW/MHz 58 uW/MHz 62 uW/MHz 65 uW/MHz 20.7 yW/MHz
K
1.8 GOPS 3 GOPS 2.6 GOPS 1.8 GOPS 33GOPS  |710 MHz
b - 825 MHz

11.7 MOPS/mW
@ 50 MOPS

43.1 MOPS/mW
@ 230 MOPS

8 W EEN SRR

16.1 MOPS/mW

@ 460 MOPS

ISSCC15 (student presentations, Hot Chips 15, ISSCC16 (paper+student presentation)
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Temperature awareness BB/leakage management is essential
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= An extensive set of parameters to consider:
Supplies, Poly biasing, Body biasing, Gate sizing
Subject to temperature, reliability, mission profile constraints

0.65V FBB 1,0V
0.95V nobias_— 4 —_0.70V FBB 0.50V
0.85V FBB 0,50V, 0.80V FBB nobias
—4—PB Onm
0.80VFBB 1,0V 4 0.75V FBB 0,50V
== PB 4nm
o " . PB 10nm
0.90V FBB 0,50V ' -/ 0.70V FBB 1,00V
=== PB 16nm
0.90V FBB nobias : 0.80V FBB nobias
| Target Frequency
0.85V FBBnobias —_ | —0.75VFBB 1,0V

0.80V FBVB 0,50V
(Vdd, Pb, BB) choice becomes a power-delay trade off exercise
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= Conditions =) Non optimi%ed

= 28nm UTBB FDSOI T oo design

= VM (0.5V) < Vpp < Vppmex (1.3V) § :

= P,MN(0)< P, <P,m (16nm) N

- B,mn(0)< B, <B,m*(2.0V) wo X

= Pdyn/Pstat ratio = 50% e

= Power,Perf corners 2 4 Optimum

o > in speed and power

= An optimized design means: Pm o w0 s s 10000

= Maximize performance for given power Freq (SS 125C) —a.u

= Minimize power for given performance
= Area constraint
= The optimum vector is a function (Vdd, Pb, BB)
= Strongly dependent on chosen corners
= Static + Dynamic
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' _—FBB: positive V

ov
18 gndg grjd
DAC | L : .r
0-> 1.3V i
b it
G | vdds griq
Neg. ] bAac | L - =l
[Charge Pump)|0 »-1.3V| | : _L—
77777777777777 g_”-‘g_‘lvs OV ___FBB: negative V
External |
TANK : control BBGEN ID Card
¢ regs
,,,,,,,,,,,,,,,,,,,, S Vbb{n/p} range 0— {+-}1300mV
Settling time 1.3us @ max load
e 0—[1300mV/|
Dynamlc adaptatlon can also Quiescent current  4mA typ
be used to «remove» Load range 1-20 nF + 10Q min ESR
extremely adverse corners and Techno Options ~ None
ease MC-MM optimization Supply 1.8V
Ext cap 1uF
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256x32 6T SRAMS vs. SCM

DIORUM
JLOG

1C
LOGNA

> --- 2x-4x
= “Standard” 6T SRAMs: a5 | "
-8-DOUT SAMPLED SCM
ngh VDDMIN '5'._ 3: —¢LOW VOLT. SRAM
Bottleneck for energy efficiency T g | CCLOWLEASRAM
-: 25 —¢HIGH PERF. SRAM
= Near-Threshold SRAMs (8T) L
Lower VDDMIN £ 1,5
Area/timing overhead (25%-50%) - 0;
High active energy e
o3 o4 05 06 07 08 09 1

Low technology portability
= Standard Cell Memories:

Wide supply voltage range

Lower read/write energy (2x - 4x)

Easy technology portability 5 e
Major area overhead (2x)

Voltage [V]
AREA

|2x 3.1x 2.5x

HSCM ®SPL1CACHE SPHD ® SPREG

AREA

6000
4000

2000

Need help exploring memory tradeoffs! 0

12
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e Otatic ve. Dynamic again...

SoC
VOLTAGE
DOMAIN
(0.8V)
‘I-;
s
&
Hybrid
: memory
« | PERIPHER || & - system
ALS =

PERIPHER
ALS
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Approximate Computing to the Rescue
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Less-than-perfect results perceived as correct by the users
e.g. image processing (filtering)

“1 4
L oval
T T

| PEERONES TR

RGB to GRAYSCALE RGB to GRAYSCALE (+ 10% error)

Approximation is not always acceptable
- Application and program phase dependent!
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1C A
L NA

= Retention voltage

_________|Retention _

SCM 0.25V
6T-SRAM 0.29V

= Probability of flip-bit error on a single bit during read/
write operations

Vot Joss_oss_lusouse _lon_lors_los

P(flip-bit) SCM 0.0

P(flip-bit) 6T  0.0037 0.0012 0.0003 5.24e-5 4.35e-6 4.16e-8 0.0

Energy vs. Precision tradeoff - big range!
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Acceleration
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General-purpose
Computing

CPU

GOPS/W

Throughput
Computing

GPGPU

SW Mixed

Accelerator Gap

HW IP

Closing The Accelerator Efficiency Gap with Agile Customization

18
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= Brain-inspired (deep convolutional networks) systems are
high performers in many tasks over many domains

T H _ E . D O
MULTIMEDIA
Audio, Video
and Gestures
N N
CONNECTIVITY AW T 4T A
4G LTE, Wi-Fi | ' >
cheetah
snow leopard
Egyptian cat
Spiking NN
Image recognition Accelerator QUALCOMM Speech recognition
[Russakovsky et al., 2014] [Hannun et al., 2014]

= Flexible acceleration: learned CNN weights are “the program”

19
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= Computational effort
= 7.5 GOp for 320x240 image ~90%
= 260 GOp for FHD
= 1050 GOp for 4k UHD

* , pixel
Act.. _P6oling Aet. Pooling Act. class.

>

2 hata it taia (e lataia ia ln (S 0 (b DR
- - N — - =

B W N S vy Py

o
3 el
”

0% 20% 40% 60% 80% 100%

.T)
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@
o).
el
)
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e <
)
-
"o
e
)
e’
.
{

Origami a CNN accelerator
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'"gtUt Pixel 121 _ »|Image Window SRAM| .|  Image Bank
ream l 12nh,, ., = 344 kbit SRAM 1201w, = 5.4 kbit registers
Filter !
Bank : D-ﬂ(n,ﬂjh.w.
12n,nhw,= |
37.6 kbit registers ;

222, Output Pixel
Stream

image SRAM
23.6% filter bank

33.9% - FP n f?
image bank eeded .

= 12-bit signals sufficient
others

SoP unifs = Input to classification double-vs-12-bit
31.8% accuracy loss < 0.5% (80.6% to 80.1%)

21



Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

0% bit flips

Shmoo Plot = X

publication Veore  power  efficiency |Edit Format Doc

Vv mW GOpSYW  |x-value: 200 HHZ

y—valuef Led Fmax vs Vcore

ConvEngine [46] 0.72 308 1030 |
ShiDianNao [44] 0.8 61.3 2098 1-25
NeuFlow [24] 0.8 239 1339
HWCE [43] 0.8 180 260 |
HWCE [43] 04 0.73 1375
this work 0.8 86.1 2276 o
this work 0.53 7.81 9475 13

1% bit flips +—

Really needing synthesis tools
for exploring the approximation
space for these «arithmetically

&
~
[

e
=]
S T TT TR EEEEEEE AR

i s 'S5 g 105 130 | 155 180 | 205 || 230 ' 285 ' 280
dense» architectures [11.354780+06 [] 416856 5 MHZ/Div.
1. Numerical precision e Vitis Brooes i t4oser0s [Wiisecolests Getoos

2. Controlled error tolerance B corizeroo M2 160090006 B2.004260100 B Trioieros B orsoesc

67% energy improvement
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= joT Energy efficiency requirements are super-tight
Technology scaling alone is not doing the job for us

Ultra-low power “traditional computing” architecture and circuits are
needed, but not sufficient in the long run

= Approximation for energy efficiency is apromising direction
SW and SW-abstractions are key

= Need synthesis tools more than ever!

Thank you!
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Top

SoC

ROM
10 L2
oma [~ MEM

Next bottleneck - 10

1

CLUSTER
INTERCONNECT

64-bit

ALMA MATER STUDIORUM
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32-bit

1.

CLUSTER

DMA

RANK

Key Challenges

Minimize Epb for IO

]
B T
ol
-
-
k=T I 2
2L o e 5
-
e = e
-
P —— R ]
T PWR CTRL CLK CTRL
e
JTAG

TCDM
SCM

BANK

QL=

2. Maximize cluster ]
idleness while doing IO
e e W | Oren
ICACHECTRL <= ACCELERATOR #0 #3
ou | ou |
ADV
| DEBUGIF _|

| SHAREI:)'IS :

Flexible and low-pin count interface layer — (Quasi)-Serial is better

2

4
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= A0.45-0.7V 1-6Gb/s 0.29-0.58pJ/bit Source Synchronous Transceiver
Using Automatic Phase Calibration in 65nm CMOS (0 15mm2) —

4 : : 6 :
é 5 — |iOn 36 inch SMA cable
L sli- 5
= o |
et (<) :
-2 = ;
O S |
= o 3
o s
i sl
2]
o “p E BER <1O 10Wlth |
0 ' L 0. 15UI tlmlng margln

—

1.3 2 4 6 05 0.6 0.
Data Rate [Gb/s] Vo [V]

= Source-synchronous, pseudo-differential,
unterminated, Voltage Mode, 200mVpp, 1/8 rate
CLK, self-calibrating PLL-based phase generator °

= Low-cost SIP+die stacking option for processor
+ memories + sensors becomes viable

Departement Informationstechnologie und Elektrotechnik




